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The phosphatase inhibitor okadaic acid induces a phosphorylated paired 
helical filament tau epitope- in human LA-N-5 neuroblastoma cells 

Marc Vandermeeren*, Ursula Liibke 6 , Jan Six a and Patrick Cras b 

"Innogenetics, Ghent (Belgium) and b Laboratory of Neurobiology, Born-Bunge Foundation, University of Antwerp, Wilrijk (Belgium) 
(Received 26 November 1992; Revised version received 14 January 1993; Accepted 18 January 1993) 

Key words: Alzheimer's disease; Phosphatase; Cytoskeleton; Neurofibrillary tangle; Microtubule-associated protein; Mitogen-activated protein 
kinase 

Recently, a mitogen activated protein kinase has been implicated in the generation of a phosphorylated paired helical filament (PHF) epitope 
recognized by the monoclonal antibody ATS. This epitope consists of phosphorylated serines 199 and/or 202 of the human microtubule associated 
protein t. Theoretically, aside from abnormal kinase activity, inhibition of phosphatase activity could also be involved in the abnormal phosphoryl- 
ation status of the microtubule associated protein t . To investigate this, we incubated LA-N-5 neuroblastoma cells with okadaic acid, a specific 
inhibitor of phosphatase 2A. We found that incubating neuroblastoma cells with okadaic acid induces the abnormally phosphorylated ATS epitope. 
The effect of okadaic acid is time and dose dependent and is reversible. Our findings suggest that phosphatase activity is important in the regulation 
of the phosphorylation state of t. Phosphatases may act directly on r or may influence the activity of mitogen activated protein kinase. Incubation 
of LA-N-5 neuroblastoma cells with okadaic acid provides a cellular model in which the generation of a well-defined PHF-f epitope can be 
investigated. 



The neurofibrillary tangles of Alzheimer's disease 
(AD) are neuronal inclusions that consist of 20 nm 
paired helical filaments (PHF), predominantly com- 
posed of an abnormally phosphorylated microtubule as- 
sociated protein r [5]. The mechanism of this abnormal 
phosphorylation has not been completely elucidated, yet 
it is commonly assumed that an abnormal kinase activity 
is responsible for the aberrant phosphorylation of ? in 
AD [9]. Recently, a mitogen activated protein kinase 
(MAPkinase) has been described that can phosphorylate 
recombinant r and thereby generate a phosphorylated 
PHF-epitope recognized by the monoclonal antibody 
ATS [4, 7]. This ATS epitope consists of phosphorylated 
serines 199 and/or 202 of human r [2]. The complemen- 
tary antibodies BT2 and tau°l are directed to the same 
epitope, but their immunoreactivity is lost when Ser 199/ 
202 are phosphorylated [3, 7]. 

The aberrant phosphorylation leading to the forma- 
tion of the ATS epitope may be due to abnormal activity 
of the MAPkinase or, conversely, may be due to de- 
creased activity of a corresponding phosphatase. To in- 
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vestigate this, we incubated LA-N-5 neuroblastoma 
cells, which are known to contain ? protein, with the 
specific phosphatase inhibitor okadaic acid [1], At low 
concentrations, okadaic acid is a specific inhibitor of 
phosphatase 2A, a Ser/Thre phosphatase found in all 
mammalian cells [1 1], At higher concentrations, okadaic 
acid also inhibits phosphatase type 1 [1 1]. We found that 
LA-N-5 cells, after incubation with okadaic acid, express 
the ATS epitope, while the complementary BT2 epitope, 
which is detectable in untreated cells, weakened. Our re- 
sults suggest that phosphatases are implicated in the reg- 
ulation of the phosphorylation state of r. 

Human neuroblastoma LA-N-5 cells (courtesy of Dr. 
Seeger, Children's Hospital Los Angeles, UCLA) were 
grown in 50% Dulbecco's modification of Eagle's me- 
dium (DMEM) 150% F-12 medium (Gibco, Ghent, Bel- 
gium) supplemented with 15% fetal bovine serum, 5 mM 
L-glutamine and 100 U/ml of penicillin/streptomycin 
[10]. The cells were cultured in a humidified incubator at 
37°C, with 5% C0 2 in T-25 Falcon tissue culture flasks 
(Becton-Dickinson, Erembodegem, Belgium). 

Okadaic acid was added to the medium to obtain final 
concentrations of 0.5 fiM up to 2 fiM. The cells were 
exposed to okadaic acid for time periods of 30 min up to 
5 days. Some cell cultures were transiently exposed to 
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okadaic acid to test for reversibility of the effect on r 
phosphorylation. For this, parallel cell cultures were 
used, one of which was untreated, a second was exposed 
to okadaic acid for 2 h and then extracted for gel electro- 
phoresis and a third culture was exposed for 2 h, then 
washed with medium and left to recover for 20 h. At the 
conclusion of each experiment the cells were processed 
as described [1]. Poly aery lamide gel electrophoresis 
(PAGE) was performed according to Laemmli with 
minor modifications [7]. The antibodies used for this 
study included: AT8, a monoclonal antibody directed to 
phosphorylated Ser 199/202 of the human r protein and 
BT2, directed to the same epitope in its un- 
phosphorylated condition. The epitope recognized by 
BT2 is similar to that of tau-1 and we have found that 
both compete for binding to normal human r (not 
shown). Blotted proteins were incubated with primary 
antibody overnight at 4°C and detected with the avidin 
biotinylated peroxidase technique (Biogenex, San 
Ramon, CA). For immunocytochemical evaluation, cell 
suspensions were washed twice in Tris-buffered saline 
(TBS), smeared on poly-L-lysine coated glass slides, air 
dried and fixed in cold methanol (-20°C) for 2 min. 
After fixation, the cells were immunostained with the 
avidin-biotin complex technique. Controls consisted of 
omission of primary antibody, substituting the primary 
antibody by a non-specific antibody and dephosphoryla- 
tion. For this, slides were pretreated for 10 min with 400 
//g/ml trypsin (Gibco) in 0.05 M Tris buffer with 0.03 M 
NaCl and 0.02 M CaCl 2 at pH 7.6 and 37°C. They were 
then incubated with 400 //g/ml of bovine intestinal mu- 
cosa alkaline phosphatase type VII-L (Sigma) for 24 h at 
33°C. 

Extracts of LA-N-5 neuroblastoma cells, treated with 
okadaic acid for 30 minutes up to 8 h, were immunoblot- 
ted. LA-N-5 cells treated with okadaic acid for 2 h 
showed strong immunoreactivity with AT8, suggesting 
that in these cells, Ser 199 and/or 202 were 
phosphorylated (Fig. 1). The AT8 immunoreactivity was 
evident in cells treated with okadaic acid for as short as 
45 min, but the intensity of immunoreactivity increased 
to reach a peak at 2 h and was stable after this (not 
shown). Also, immunoreactivity with AT8 was more in- 
tense on the extracts of cells that had been treated with 1 
fiM of okadaic acid, than in the cells that had been 
treated with the lower concentration of 0.5 fiM. Un- 
treated cell extracts showed a set of 4 isoforms of r 
strongly immunoreactivity with BT2 (Fig. 1, lane 5), in- 
dicating the absence of phosphorylation of the Ser 199/ 
202 epitope. Treated cells, on the other hand, showed 
decreased presence of the BT2 immunoreactivity (Fig. 1 , 
lane 6). This decrease was evident in cells that had been 
exposed for only 30 min, but further decreased in cells 
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Fig. I. Lane l: immunoblot of untreated LA-N-5 neuroblastoma cells, 
non-specific control antibody. Lane 2: cells exposed to okadaic acid, 
control antibody. Lane 3: untreated cells, monoclonal antibody AT8 
directed to phosphorylated Ser 199/202 of human r. Lane 4: neuroblas- 
toma cells after 2 h exposure to okadaic acid show a distinct band in the 
60 kDa range, indicating the presence of the AT8 epitope. Lane 5: 
untreated cells show several isoforms of r labelled with the BT2 mono- 
clonal antibody directed to Ser 199/202 epitope in the non- 
phosphorylated state. Lane 6: there is a decrease in immunostaining of 
the BT2 immunoreactive bands after exposure to okadaic acid. 



that had been exposed longer. As opposed to the cells 
extracted after 2 h of exposure, cells that had been tran- 
siently exposed to okadaic acid and then left to recover, 
showed no AT8 immunoreactivity (not shown). 

Untreated cells showed strong immunoreactivity with 
BT2 and remained unlabelled by AT8 (Fig. 2a,c). After 
incubation with okadaic acid, some of the neuroblas- 
toma cells detached from the substrate and neurites were 
retracted. Also, neuroblastoma cells exposed to okadaic 
acid were smaller than the untreated cells, but viability 
was not affected. After treatment, BT2 immunoreactivity 
was much weakened, while AT8 became positive (Fig. 
2b,d). This AT8 immunoreactivity was completely abol- 
ished by prior incubation with alkaline phosphatase, 
while BT2 immunoreactivity was not affected. 

The aberrant phosphorylation of the microtubule as- 
sociated protein r in AD is characterized by the presence 
of several epitopes unique to PHF-r : the AT8 epitope is 
formed only when Ser 199/202 are phosphorylated. 
Complementary antibodies, such as BT2 or tau-1 recog- 
nize this epitope only in its normal, non-phosphorylated 
condition. 

Studies on the abnormal phosphorylation of r in Alz- 
heimer's disease have hitherto always focused on kinases 
as the primary agent in producing these epitopes. How- 
ever, the phosphorylation state of a protein is always the 
result of a dynamic balance between phosphorylation 
and dephosphorylation. Recently, it was demonstrated 
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Fig. 2. a: untreated LA-N-5 neuroblastoma cells show no immunoreactivity with the monoclonal antibody AT8. b: after exposure to okadaic acid, 
there is distinct cytoplasmic AT8 immunoreactivity. c: untreated cells show intense BT2 immunoreactivity. d: the BT2 immunostaining is less intense 
after exposure to okadaic acid. Streptavidin biotinylated peroxidase technique. Magnification identical in a-d; bar = 20 //m. 



that a MAPkinase, also known as ERK2, could generate 
the AT8 epitope [4]. The activity of this MAPkinase is 
regulated by tyrosine phosphorylation and a number of 
extracellular signals that enhance MAPkinase activity 
have recently been reviewed [8]. Our results suggest that 
inhibition of phosphatase activity may also play an im- 
portant role in the emergence of phosphorylated PHF-r 
epitopes. Okadaic acid is a specific inhibitor of phos- 
phatase 2A, a Ser/Thre phosphatase which acts on the 
a-subunit of phosphorylase kinase a, phosphorylase a 
and also on the microtubule associated protein r [11]. 
However, at higher concentrations (2 jiM and higher), 
okadaic acid also inhibits PP1 and PP2B. 

Several cell culture models for the in vitro generation 
of PHF-like structures have been proposed [6]. The use 
of complementary antibodies BT2 and AT8 recognizing 
the normal and abnormally phosphorylated form of the 



Ser 199/202 epitope, allows the study of progressive alter- 
ations of the microtubule associated protein z. More im- 
portantly, incubation of LA-N-5 neuroblastoma cells 
with okadaic acid now provides a cellular model in which 
the generation of a well defined PHF-r epitope can be 
investigated. Also, this cell model allows the screening of 
potential neuroprotective drugs. 
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Abstract In Alzheimer disease (AD) the microtubule associated 
protein (MAP) tau is hyperphosphorylated at several sites. In the 
present study, like AD tau, tau in the human neuroblastoma 
SH-SY5Y was found to be hyperphosphorylated, at Ser-199/202, 
Tnr-231, Ser-396 and Ser-404. However, in contrast to AD, the 
tau in SY5Y cells was not hyperphosphorylated at Ser-235 and 
there was only one tau isoform. Quantitative analysis revealed 
that approximately 80% of the SY5Y- tau was phosphorylated 
at Ser-199/202. The phosphorylated tau was deposited in peri- 
karya and processes of the cells whereas most of the 
unphospborylated (at Ser-199/202) tan was localized in the nu- 
cleus. Tau from the cell lysates did not bind to taxol-stabillzed 
microtubules. In contrast, MAP lb and MAP2 from cell lysates 
bound to stabilized microtubules In vitro and were associated to 
the microtubule network in situ. Phosphorylation of tau at high 
levels, its inactivity with microtubules and its accumulation in 
SY5 Y cells provide for the first time a cell model of cytoskeletal 
changes seen in AD. 

Key words: Alzheimer disease; Microtubule associated protein; 
Microtubule; Neuroblastoma cell; Protein phosphorylation; 
Tau; Tubulin 



1. Introduction 

A major biochemical abnormality in the Alzheimer disease 
(AD) brain is the abnormally hyperphosphorylated microtu- 
bule associated protein (MAP) tau [1-3], The abnormal tau is 
the major protein subunit of the paired helical filament (PHF) 
[1 ,3-5] and it is in this form that tau accumulates as neurofibril- 
lary tangles in the perikaryon, in the neuropil threads [6] of the 
neuropil and in the dystrophic neurites of neuritic (senile) pla- 
ques. In addition, the abnormal tau also accumulates in normal 
appearing neurons in amorphous aggregates mtennixed with a 
few short PHF, forming the so-called 'stage 0' tangles [7,8]. 
Unlike the mature neurofibrillary tangles, the stage 0 tangles 
are only poorly argentophilic and are not stained by thioflavin- 
S or Congo red. Recently, hyperphosphorylated tau (AD P-tau) 
was isolated from AD brain that, although not ubiquitinated 
and not polymerized into PHF, sediments at 27,000 to 
200,000 x g, is soluble in buffers after denaturation with urea 
and has phosphate levels comparable to those of the PHF [9], 
Furthermore, like PHF, the AD P-tau is phosphorylated at 
several sites and does not promote in vitro microtubule assem- 
bly unless dephosphorylated with alkaline phosphatase [10,1 1]. 

Previously it was not known whether the altered solubility 
characteristics of AD-P tau and its negative effect on microtu- 
bule assembly observed in vitro also occur in the living cell. In 
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the present study we show that approximately 80% of tau in the 
human neuroblastoma cell line SH-SY5Y is hyperphos- 
phorylated at the Tau-1 epitope, and, like the AD P-tau is 
hyperphosphorylated at least at three other sites. Furthermore, 
the abnormal tau, like in AD, accumulates in the cell body and 
does not seem to be biologically active since it is neither associ- 
ated to the cellular microtubule network in situ nor in vitro 
binds to taxol-stabilized microtubules. However, unlike the ab- 
normal tau in AD, the SY5Y-tau is not phosphorylated at 
Ser-235. The microtubule network itself seems to be intact in 
the SY5Y cells and is supported by MAP2 and MAPlb. 

2. Materials and methods 

2.1. Cells and proteins 

SH-SY5Y human neuroblastoma cells were obtained from Dr. June 
L. Biedler (Sloan Kettering Institute, NY). Cells were cultured up to 
about 70% confluence in 35-mm diameter dishes employing D-MEM/ 
F-12 medium (Gibco BRL, Gaithersbuxg, MD) (5% CO* 37°C) supple- 
mented with 5% fetal calf serum, 100 IU/ml of penicillin, and 100 ^g/ml 
of streptomycin. The cells were fed every three days. In some cases the 
cells were deprived of nutrient by keeping them in the same medium 
without feeding for two to four additional days. For Western blots and 
immunoassays, the cells were collected from each dish by pipetting up 
and down, were lysed in 100/d of 2% SDS/^-mercaptoethanol, heated 
in a boiling water bath for 5 min and sonicated in a water bath for 10 
min The protein concentrations were assayed by the modified Lowry 
method of Bensadoun and Weinstein [12]. In some cases tau was im- 
munoprecipitated from the cell lysates with polyclonal antl-tau anti- 
body, 92e [13J bound to agarose linked protein G (Pierce, Rockford, 

Tau protein from normal human brain and soluble abnormally 
phosphorylated tau from Alzheimer disease (AD P-tau) brain were 
prepared as previously described [9]. Sources and dilutions of anti-tau 
antibodies employed are shown in Table 1. Other antibodies employed 
were DM1 A (anti-a tubulin, 1 : 1000, Sigma, St. Lois, MO), YL1/2 
(anti-tyrosinated tubulin, 1:500, Sera Lab, Westbury, NY), anti- 
MAPI b (1:400, Amersham, Arlington Heights, IL), and anti-MAP2 
[14] (1:1000; a gift from Dr. R.B. Valjee, Shrewsbury, MA). Im- 
munoblots were performed as previously described [1]. 

To determine the isoforms of tau protein in SY5Y cells, the cell 
lysates were first dialysed against 100 mM Tris, pH 8.0, 1 mM EGTA, 
0.1 mM EDTA, 1 mM MgClj, and protease inhibitors (5 /ig/ml aprot- 
inin, 5 jug/ml Le up op tin, 2 fig/ml pepstatin and 1 mM PMSF) and then 
treated with 100 U/ml alkaline phosphatase (Boehiinger-Mannheim, 
Indianapolis, 1L) at 37°C for 8 h. Recombinant tau 23 and 24 [15] 
expressed in & colt were employed as M r markers. 

2.2. Radtolmmuno-dot-blot assay 

Triplicate samples of cell lysates containing 1 fig and 3 ug of total 
protein in 5 fi\ were applied to nitrocellulose membranes (Schleicher 
and Schuell, Keeae, NH) and dried at 37°C for 30 min. The tau contents 
were determined using Tau-1 and ^-labeled anti-mouse IgG (Amer- 
sham, Arlington Heights, IL) with or without prior dephosphorylation 
of the protein on the membrane with alkaline phosphatase as previously 
described [16*1. Purified recombinant tau 39 was employed for the stand- 
ard curve in the immunoassay. 

2.3. Indirect immunofluorescence microscopy 

SH-SY5Y cells were cultured in Lab-Tec slides (Nunc, Naperville, 
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IL) and, fixed in 4% formaldehyde in 100 mM HEPES, pH 6.8, 0.2% 
Triton X-100. 5 mM EGTA and 10 mM MgCU [17]. The cells were 
post-fixed with -20°C methanol for 5 min, washed with phosphate 
buffered saline, blocked in 2% BSA/ Tris buffered saline and incubated 
with primary antibodies followed by FITC-labelcd secondary antibod- 
ies (Cappel, Durham, NC). The slides were mounted in Vector-Shield 
mounting media (Vector Lab. Inc., Burlingame, CA). Fixation of the 
cells in -20°C methanol instead of formalin resulted in immu no staining 
of comparable intensity. 

2.4. Taxol stabilized microtubules 

Twice cycled microtubules from rat brain [18] were cold-disassem- 
bled and employed to prepare MAP-free tubulin by phosphocellulose 
chromatography [1 9j. Taxol stabilized microtubules were then prepared 
by incubating 1 mg tubulin/inl with 20 pM Taxol at 37°C for 30 min. 

2.5. Microtubule binding assay 

The cells (-1x1 0 7 ) were lysed in 100 mM PIPES, pH 6.8, 0. 1 % Triton- 
X 100, 2 mM MgCl 2 , 1 mM EGTA, 0.1 mM EDTA, 10 mM sodium 
fluoride, 1 mM sodium vanadate and protease inhibitors (sec above), 
and centrifuged at 200,000 xg for 30 min. The supernatant (900 p% 
protein) was incubated with 100 pg of taxol- stabilized microtubules and 
10 pM. taxol at 37°C for 30 min"and centrifuged at 70,000 xg for 45 
min. The supernatant containing the unbound proteins and the pellet 
of stabilized microtubules and microtubule bound proteins were ana- 
lyzed by immunoblots. 



3. Results 

3.1. Tau in SYS Y cells is hyper phosphorylated at several sites 
Western blots developed with anti-tau antibodies demon- 
strated the expression of tan protein in SH-SY5 Y human neu- 
roblastoma ceils (Fig. 1). AT8 (P Ser-199/202), PHF-1 (P Ser- 
396), SMI-31 (P Ser-396 and P Ser-404) and M4 (P Thr-231) 
antibodies all of which react with phosphorylated epitopes of 
tan, but not with normal tau, reacted with tau in SY5Y cell 
lysate. Tau-1 antibody that only recognizes its epitope if it is 
not phosphorylated (Ser-199/Ser-202), stained only one faint 
band on the Western blot but strongly reacted with a series of 
polypeptides in the 51-63 kDa range after pretreatment of the 
blots with alkaline phosphatase. In contrast, antibody SM133 
(Ser-235) stained the tau polypeptides, and the pretreatment of 
the blots with alkaline phosphatase had no apparent effect on 
the intensity, indicating that SY5Y-tau is not phosphorylated 
at Ser-235 (data not shown). SY5Y-tau dephosphorylated in 
vitro was stained as a single band and co-migrated with the 
recombinant tau 23, the human tau isoform with three repeats 
of tubulin binding domains and no N-terminal inserts (same as 
fetal tau) [15]. 



ADP 

SY5Y lau SY5Y 



SY5Y 



12 3 4 




m 



PHF-1 ATB 



Tau-1 



SMI31 M4 



Tau-1 



Fig. 1, Phosphorylation sites and M t of SH-SY5Y tau. (A) 100 p% of 
cell lysates were applied to each lane; AD P-tau was used at 2 /^g/lane. 
indicates alkaline phosphatase treatment of the Western blot prior to 
the application of the antibodies. In the case of SMI31 and M4, samples 
immunoprecipitatcd with tau antibody 92c were applied to avoid non- 
specific staining. Phosphorylation of SY5Y-tau at Ser-199/202 is indi- 
caied by the reaction with AT8 as well as by a marked increase in tau 
staining with Tau-1 after dephosphorylation of the blot. The reaction 
of PHF-1 and SMI 31 with SY5Y tau indicates phosphorylation at 
Ser-396/404. The reaction of M4 with SY5Y-tau indicates phosphoryl- 
ation of tau at Thr-231. Not shown in this figure, SY5Y tau is not 
significantly phosphorylated at Ser-235 since there was no increase of 
tau staining with antibodies SMI33 after dephosphorylation of the 
blots. (B) 50 pg of cell lysates dephosphorylated in vitro were applied 
to lane 1 and 0.2 /vg/each of recombinant tau 23 and 24 were applied 
to lanes 2 and 3 respectively, Apparent M t weight of tau 23 and 24 are 
48 kDa and 52 kDa, respectively [15]. Dephosphorylated SY5Y-tau 
(lane I) was visualized as a single band that corresponded to tau 23, the 
shortest human tau isoform. SY5Y-tau in the untreated cell lysate 
( 100 p%) in lane 4 has slower mobility than dephosphorylated SY5Y tau 
in lane 1. 



3.2. Most of the tau is phosphorylated at Ser-199/202 

To determine what percentage of tau was hyper- 
phosphorylated in the SY5Y cells, levels of tau in cell lysate 
were determined by radioimmuno-dot-blot assay using Tau-1 
with and without pretreatment of the blots with alkaline phos- 
phatase. A 5-6-fold increase in the tau levels after 
dephosphorylation was observed (Fig. 2), while the levels of tau 
isolated from control brains were not affected by the phosphat- 
ase treatment (data not shown). From three independent exper- 
iments the percentage of tau abnormally phosphorylated at the 



Table 1 

Source and dilution of the tau antibody 



Ab 


Type 


Epitope 


Phosphorylated 
(PXNot-Phosphorylated (N) 


Dilution 


References 


Tau antibodies 












Tau-1 


mono 


Ser 199/202 


N 


1 : 50,000 


34 


AT8 


mono 


Ser 199/202 


P 


1:50 


35 


M4 


mono 


Thr 231 


P 


1:2,000 


36 


SM133 


mono 


Ser 235 


N 


1:500 


37 


SM131 


mono 


Ser 269/404 


P 


1:100 


37 


PHF1 


mono 


Ser 396 


P 


1:100 


38 


92e 


poly 






1:5" 


13 



* Dilution used for irnmunoprecipitation. 
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Fig. 2. Levels of tan hyperphosphorylated at Ser-1 99/202. Levels of tau 
in SY5Y lysates were estimated by comparison with defined amounts 
of recombinant tau 39. Blots treated (T • tau = total tau) or untreated 
with alkaline phosphatase (N • tau = tau not phosphorylated at the Tau- 
1 epitope) were exposed to Tau-1 antibody [ 12S I]anti-mouse IgG. The 
value for P- tau (phosphorylated at the Tau-1 epitope) was determined 
by subtraction of the value obtained for N* tau from that of T - tau. The 
data were obtained from three independent experiments. 
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Tau-1 epitope was determined to be 82% ± 10 of the total tau 
level of 1.3 ± 0.2 ng///g lysate protein. 

3.3. Phosphorylated tau accxonulates in the cytoplasm in SY5Y 
cells 

The association of tau to the microtubule network in SY5Y 
neuroblastoma cells was examined by indirect immunofiuores- 
cence (Figs. 3, 4). A dense microtubule network was seen with 
anti-tubulin antibody in cell bodies and neurites, (Fig. 3d) 
whereas no fibrillar staining by Tau-1, AT8 or PHF-1 antibod- 
ies (Fig. 3a-c) was observed. Tau-1 labeling was seen as several 
bright dots in the nucleus while in the cytosol only a faint 
background staining was observed (Fig. 3a). In contrast, strong 
immunorcactivity of AT8 (P Ser-1 99/202) was found in the 
cytoplasm and in the several neuronal processes (Fig. 3b). No 
binding to fibrous structures was apparent. PHF-1 (P Ser-396) 
stained brightly fluorescent deposits along the cytoplasmic 
seam around the unstained nucleus (Fig. 3c). Mitotic cells were 
most intensely labeled with PHF-1. In contrast to tau, anti- 
MAPI b and anti-MAP2 antibodies stained the intracellular 
fibrous network, and in addition several neuronal processes of 
the SY5Y cells (Fig. 3e). 

When cells were cultured at suboptimal conditions, i.e. with- 
out changing the medium for 5 days to 7 days instead of 3 days, 
large accumulations of phosphorylated tau were observed in 
the cytoplasm, that were strongly immunoreactive with PHF-1 
and AT8 (Fig. 4a, b). Apparently, the microtubule network of 
these cells was intact since it was labeled both with mAb DMIA 
to a tubulin and with YL1/2 antibody to the labile microtubule 
population (Fig. 4c,d). 





Fig. 3. Irnmunorluorescent staining of formalin fixed SH-SY5Y cells with antibodies to (a-c) tau: (a) Tau-1, (b) AT-8, and (c) PHF-1, (d) tubulin 
and (e) MAPib. The microtubule network was stained with antibodies to tubulin, MAP lb and, not shown here, MAP2. No microtubule staining 
was observed with any of the tau antibodies. 
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Fig. 4. lmmunofluorescent staining of SH-SY5Y cells that were for 5 
days in culture without medium change. Antibodies to hyper- 
phosphorylated tau: AT-8 (a), PHF-1 (b). and to tubulin: DM1 A (c), 
YL1/2 (d) were employed. The microtubule network appeared slightly 
less dense than in Fig. 3 while tau aggregation appeared more promi- 
nent. Not shown in this figure, a similar pattern was observed after 7 
days of nutrient deprivation. 



3.4. Most SYS Y tau does not bind to microtubules 

To determine whether tau was biologically active in binding 
to microtubules, the 200,000 xg extract of the SY5Y cells was 
incubated with taxol-polymerized microtubules, and the micro- 
tubule bound and unbound proteins were separated into pellet 
and supernatant, respectively. The immunoblots of these frac- 
tions revealed that almost all of MAPI b and MAP2 bound but 
most of the SY5Y-tau did not bind to the microtubules 
(Fig- 5). 

4. Discussion 

In AJzheimer disease 75-85% of the MAP tau, including all 
six isoforms, is altered both in its degree of phosphorylation 
and its solubility-characteristics [1,3,9,13,16]. In vitro studies 
have shown that the abnormal hyperphosphorylation of tau 
renders it biologically inactive [10,11,20]. In the present study 
we show for the first time that tau in SY5Y cells is 
phosphorylated at five of six of the abnormal phosphorylation 
sites examined, and also does not bind to microtubules. These 
findings suggest that like in AD, tau in SY5Y cells is hyper- 
phosphorylated, has minimal biological activity and accumu- 
lates in the cell cytoplasm. Hyperphosphorylation of tau similar 
to that in AD has also been observed in fetal rat and human 
brains [21,22]. However, mimunocytochemjcal studies indicate 
that in contrast to AD, tau in the fetal brain is immobilized only 
in a relatively small number of neurons [23]. 

Of the total SY5Y-tau, about 80% is hyperphosphorylated 
at the Tau-1 epitope. Similarly high phosphorylation levels of 
the Tau-1 epitope have been previously demonstrated both in 
the soluble abnormally phosphorylated tau and the PHF-tau 
in AD [1,9]. Whether the degree of phosphorylation at Thr-231, 



Ser-396 and Ser-404 is as high as at the Tau-1 epitope, cannot 
be determined with the antibodies available to date. Further- 
more, it is not as yet known at what additional sites, if any, tau 
in SY5Y cells is phosphorylated. However, it appears that the 
hyperphosphorylation of SY5Y tau is sufficient to make it not 
bind to microtubules and accumulate in the living cell. 

Generally, endogenous tau in cells as well as tau in cells 
transfectcd with tau cDNA have been shown to decorate a 
fibrous network, presumably microtubules [24-26]. In contrast, 
in the present study most of the hyperphosphorylated tau is 
deposited in the perikarya of SY5Y cells and is not bound to 
the microtubule network. These findings suggest that the hyper- 
phosphorylation of tau might be the cause for both its accumu- 
lation and biological inactivity. The greater deposition of tau 
in SY5Y cells in nutrient deprived medium might be due to a 
decrease in pH. In vitro self-assembly of tau or its fragments 
has been reported at pH 4.5-5.5 [27-29]. 

Although most of the cytoplasmic tau was phosphorylated 
at the Tau-1 epitope, tau in the nucleus was not hyper- 
phosphorylated. Tau has been shown previously to colocalize 
with the nucleolus of several neuroblastoma cells [30]. There 
might be unknown regulatory mechanism that affect the local- 
ization of tau by phosphorylation. For example, certain pro- 
teins such as the nuclear factor of activated T-cells (NF-AT) 
and MAP kinase are known to be translocated to the nucleus 
depending upon their phosphorylation state [31,32]. 

The lack of microtubules in neurons with neurofibrillary 
tangles [33] as well as the in vitro inhibition of tau-mediated 
microtubule assembly by Alzheimer tau [II] suggests a poten- 
tial role of the hyperphosphorylated tau in the microtubule 
defect in AD. In SY5 Y cells, on the other hand, the microtubule 
system is apparently functional despite the presence of mostly 
hyperphosphorylated tau. A reason for this discrepancy might 
be that MAP lb, which is most probably expressed at higher 
levels in the readily dividing SY5Y cells than in the non-divid- 
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Fig. 5. Microtubule binding of MAPs from SY5Y cell extract. The 
200,000 x g extract of the SY5Y cells was incubated with taxol-stabi- 
lized microtubules and the MAPs bound or unbound to microtubules 
were examined by Western blots as described in section 2. For blots 
10% (20 *zg) of the pellet containing the microtubules and the bound 
proteins and 10% (100 /zg) of the supernatant representing the unbound 
proteins were applied per lane, and the MAPs that were bound (b) or 
unbound (u) to the microtubules were studied with the appropriate 
antibodies; "Indicates alkaline phosphatase treatment of the im- 
munoblot before antibody application. Although MAP lb and MAP2 
bound to the microtubules, most of tau did not bind. 
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ing neurons of the brain, together with MAP2 compensates for 
the adverse effect of the hyperphosphorylated tau. Alterna- 
tively, SY5Y tau is probably not as hyperphosphorylated as 
AD tau to cause the breakdown of the microtubule system. The 
differences in the degree of tau phosphorylation between SY5Y 
cells and AD brain, are already indicated from its lack of 
phosphorylation at Ser-235 in the cultured cells. Nevertheless 
the present study shows the inactivity of hyperphosphorylated 
tau with microtubules and its accumulation in cultured cells i.e. 
outside of the human brain. 
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Abstract 

Microtubule-associated protein tau is abnormally hyperphosphorylated and forms the major protein subunit of paired helical filaments (PHF) in 
Alzheimer disease brains. The abnormally phosphorylated sites Ser-199, Ser-202, Ser-396 and Ser-404 but not Ser-46 and Ser-235 of Alzheimer tau 
were found to be dephosphorylated by protein phosphatase-1 and this dephosphory lation was activated by Mir*. In contrast, protein phosphatase-2C 
did not dephosphorylate any of these sites. Both protein phosphatase-1 and -2C had high activities towards [ 32 P)tau phosphorylated by cAMP- 
dependent protein kinase. These results suggest that both protein phosphatase- 1 and -2C might be associated with normal phosphorylation state of 
tau, but only the former and not the tatter phosphatase is involved in its abnormal phosphorylation in Alzheimer disease, 

Key words: Tau; Protein phosphatase; Dephosphorylation; Alzheimer disease 



1. Introduction 

Microtubule-associated protein tau is a family of poly- 
peptides of apparent molecular weight 50,000 to 64,000 
Da that are the products of alternate splicing of a single 
gene [1,2]. Tau promotes the assembly of tubulin into 
microtubules and stabilizes their structure. Tau is a 
phosphoprotein and phosphorylation regulates its mi- 
crotubule assembly promoting activity [3]. Recently, 
more research interest has been focused on tau phospho- 
rylation because abnormally hyperphospborylated tau 
has been proven to be the main protein component of 
paired helical filaments (PHF) which is one of the most 
characteristic cellular and molecular changes in Alz- 
heimer disease (AD) brain [4]. PHF-tau and in vitro 
phosphorylated tau have lower activity to stimulate mi- 
crotubule assembly as compared to normal tau, while 
dephosphorylation of PHF-tau by alkaline phosphatase 
can recover this activity [5,6]. 

Tau normally contains 2-3 mol of phosphate per moJ 
of the protein, whereas it contains 5-9 mol of phos- 



* Corresponding author. Fax: (1) (718) 494 10S0. 

Abbreviations: AD. Al2heimer disease; AD P-tau, Alzheimer disease 
abnormally phosphorylated tau; PHF, paired helical filaments; PKA, 
cAMP-dependent protein kinase; PP, protein phosphatase. 



phate per mole of the protein in AD brain [7-9]. So far 
nine abnormal phosphorylation sites of PHF-tau have 
been identified which are not phosphorylated in normal 
adult brain. They are Ser-46 [10], Thr-123 [11], Ser-199 
[4,12,13], Ser-202 [4,12,13], Thr-231 [14], Ser-235 [14,15], 
Ser-262 [14], Ser-396 [15,16], and Ser-404 [17] as num- 
bered according to the largest isoform of human tau, 
tau44i [2]. It seems there is a disfunction of tau phbspho- 
rylauon/dephosphorylation system which leads to the 
abnormal hyperphosphorylation of tau in AD brain. 
Therefore, it is of great interest to identify the protein 
kinases and protein phosphatases which are involved in 
the reversible process of tau phosphorylation. 

Phosphoseryl and phosphothreonyl protein phos- 
phatases (PP) have been classified by Cohen and In- 
gebritsen into four main types, i.e. PP-1, PP-2A, PP-2B 
and PP-2C [18]. These protein phosphatases are present 
in significant concentrations in human brain [19]. PP-2A 
and PP-2B have been shown to dephosphorylate tau 
phosphorylated by Ca 2+ /calmodulin-dependent protein 
kinase and cAMP-dependent protein kinase (PKA) 
[20,21]. Recently, we found that PP-2A (Gong et al., 
manuscript submitted for publication) and PP-2B [22] 
also dephosphorylate Alzheimer tau at the abnormal 
phosphorylation sites. In this study, we describe the ac- 
tivities of the other two types of protein phosphatases, 
PP-1 and PP- 2C towards tau phosphorylated by PKA 
and Alzheimer disease abnormally phosphorylated tau 
(AD P-tau). 
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2. Materials and methods 

2.L Materials 

Phosphorylase kinase wob purified from rabbit skeletal muscle by the 
method of Cohen [23], PKA was purchased from Sigma, St. Louis, MO, 
USA. Rabbit skeletal muscle PP-1 was purchased from Upstate Bio- 
technology Ino. ( Lake Placid, NY. PP-2B (holoenzyme) was purified 
from bovine brain according to the method of Sharmaet al. [24]. PP-2C 
was purified from bovine kidney as described previously [25]. Polyclo- 
nal antibodies 102c were raised as previously reported [ 10]. Monoclonal 
antibodies Tau-1 and PHF-1 were kindjy provided by Drs. L.I. Binder 
[26] and S. Greenberg [27], respectively; SM133, SMI31, goat anti- 
mouse IgG and peroxidase-anti-peroxidase complex were purchased 
from Steraberger Monoclonals Inc., Baltimore, MD. Alkaline phos- 
ph at use-conjugated goat anti-mouse and anti-rabbit IgG were pur- 
chased from Bio-Rad, Hercules, CA. 

2.2. Isolation of tau 

AD P-tau and normal human tau were isolated from autopsied brains 
of a 70-year-old male with Alzheimer disease and a 51 -year-old male 
normal case, respectively [9]. Briefly, AD P-tau was isolated from a 
non-neuroflbrillary tangle pool, the 27,000 x g to 200,000 x g fraction 
of the Alzheimer brain homogenate by extraction in 8 M urea, followed 
by dialysis against Tris buffer. This AD P-tau enriched fraction is 
readily soluble In buffer and abnormally phosphorylated as PHF-tau 
[9], Normal human tau was purified from the 35-45% ammonium 
sulfate precipitates of 200,000 x g brain supernatant, followed by acid 
treatment (pH 2.7) and chromatography on a phosphocellulose column 
(Cellulose Phosphate Pll, Whatman). 

2.3. Preparation of [ 32 P] phosphorylase kinase and determination of 
protein phosphatase activities 

["P]Phosphorylase kinase (1.9 mol "P incorporated/335,000 x g) 
phosphorylated by PKA was prepared as reported previously [19]. The 
activities of PP-1.. PP-2B and PP-2C were measured by counting the 
radioactivity released from [ ,J PJsubstrate as previously described [19]. 
The reaction mixtures contained 50 mM Tris, pH 7.0, 20 mM /9-mercap- 
toethanol, 1 .0 mM MnCl : and 1 .0 [ )J P]phosphorylase kinase for 
PP-1. For PP-2B and PP-2C activities, MnCl 2 was substituted by 1.0 
mM CaQ, and 1 .0 JjM calmodulin, and 1 0 mM MgCl 3> respectively. 
One unit of protein phosphatase activity is defined as that amount 
which catalyzes the release of 1.0 nmol phosphate per mm from 
[ 33 P]phosphorylase kinase at 30* C. 

2.4. Treatment of AD P'tatt with protein phosphatases 

Unless otherwise stated, dephosphorylation of AD P-tau was carried 
out at 30°C in 50 mM Tris, pH 7.0, 10 mM 0-mercaptoethanol, 0.1 
mg/ml BSA, 50/zg/ml AD P-tau and PP-1, PP-2B or PP-2C. In some 
experiments, several effectors were added in the reaction mixture (see 
section 3). The reaction was started by addition of the enzyme. After 
appropriate incubation times (see figure legends), reactions were 
stopped by addition of 5 volumes of cold acetone to precipitate pro- 
teins. The precipitated protein samples were dissolved in SDS-PAGE 
sample buffer and heated at 95°C for 4 min, followed by 10% SDS- 
PAGE. Immunoblotting was carried out as described previously [4]. 
The primary antibodies for immunoblotting and their epitopes have all 
been previously characterized. They are phosphorylation-dependent as 
well as site-specific. Briefly, antibodies 102c [10], Tau-1 [4,12,13] and 
SMI33 [15] recognize dephosphorylated form of tau at sites Ser-46, 
Ser-199/Ser-202 and Ser-235, respectively. Antibodies SMI31 [15] and 
PHF-1 [28] recognize tau phosphorylated at Ser-396/$er-404 and Ser- 
396, respectively. These antibodies were used at dilutions of 0.4 pg/ml 
for 102c, 1:100 for SMI31, 1:500 for SMI33 and PHF-1, and 1:500,000 
for Tau-1. 

2.5. Preparation of f^PJtau and dephosphorylation of [**Pjtau by 
protein phosphatases 

Tau purified from normal human brain was phosphorylated with 
["PJATP by PKA as described by Scott et al. [29]. About 2 mol "P/mol 
tau was incorporated by PKA. Dephosphorylation of [ 12 P]tau by PP-1, 
PP-2B and PP-2C was carried out employing the same conditions as 
those described above for the dephosphorylation of AD P-tau. The 
phosphatase activities were measured by counting the radioactivity 
released from [^PJtau as previously described [19]. 



3. Results 

3 J. Definition of PP-1 and PP-2C activities and their 
modulation by Mn 2 * and Mg** 
To observe and compare the potential dephosphoryla- 
tion of AD P-tau by various protein phosphatases, the 
same amount of enzyme activity of each phosphatase 
should be used. Hence we employed [ 32 P]phosphorylase 
kinase as a substrate to standardize the activities of PP-1 
and PP-2C. PP-1 and PP-2C activities are modulated by 
cations and each enzyme preparation responds differ- 
ently to divalent cations [30]. We therefore determined 
PP-1 and PP-2C activities in the absence and presence of 
either Mn 2+ or Mg 2 * using [ 32 P]phosphorylase kinase as 
a substrate. As shown in Fig. 1, PP-1 was activated by 
t.O mM Mn 2+ but inhibited by 10 mM Mg 2+ . PP-2C was 
Mg 2+ -or Mn 2+ -dependent, and no activity was detected 
in the absence of Mg 2 * or Mn 2 \ Highest activities were 
obtained using 1.0 mM Mn 2+ for PP-1 and 10 mM Mg 2 * 
for PP-2C. Hence these conditions were used to study the 
in vitro dephosphorylation of AD P-tau and PKA- 
phosphorylated tau. 

5.2. Treatment of AD P-tau with PP-1 and PP-2C 

We have previously found that PP-2A dephos- 
phorylated abnormal phosphorylation sites Ser-46, 
Ser-199, Ser-202, Ser-396 and Ser-404 of AD P-tau 
(Gong et al., manuscript submitted for publication), and 

20 n 1 
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Fig. 1. PP-1 (upper panel) and PP-2C (lower panel) activities in the 
presence or absence of various divalent metal ions. Dephosphorylation 
reactions were carried out using [ H P]phosphorylase kinase as substrate 
as described in section 2, and in the presence of 1 .0 mM EDTA 
1 .0 mM MnCl 2 (A) or 10 mM MgCl 2 (O). The open circles (C) indicate 
assays in the absence of the protein phosphatases. 
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Fig. 2. Dephosphorylation of AD P-tau by PP-1, PP-2B and PP-2C. Immunobiots of AD P-tau were carried out after incubation either without ("lane 
I ) or with 2.0 units/ml PP-] (lane 2), PP-2B (lane 3) or PP-2C (lane 4) at 30°C for 60 min as described in Materials and Methods; lane 5 shows untreated 
normal human tau for comparison. Reaction mixtures for PP-1 and PP-2C also contained 1 .0 mM MnCI : and 10 mM M£C1 : , respectively. For PP-2B, 
1.0 fitM calmodulin, 1.0 mM CaCU and 1.0 mM MnCU were included. Five phosphorylatioii-dependent antibodies were used for irnmunoblottmg 
as shown above each panel to monitor dephosphorylation of the specific sites of AD P-tau. 1 02c (A). Tau-1 (B) and SMI33 (C) recognize 
dephosphoo T lated forms, whereas SMI31 (D) and PHF-1 (E) recognize phosphorylated forms of tau at specific sites as described in section 2. 
Molecular weight (kDa) markers are indicated at lef: margin of the figure, SMI33, a monoclonal antibody to neurofilament heavy/medium subunits, 
crossreacts with tau un phosphorylated at Ser-235 [15]. In lane 4, panel C, the 88 kDa protein band stained prominently without a corresponding 
staining in the tau region is probably not tau. 



that in addition to above sites, PP-2B also 
dephosphorylated another abnormal phosphorylation 
site, Ser-235 [22], In the present study, using im- 
munobiots with five site-specific phosphorylation -de- 
pendent antibodies which recognize six abnormal phos- 
phorylation sites of AD P-tau, we have further examined 
whether PP-1 and PP-2C can also dephosphorylate these 
abnormal phosphorylation sites at optimum in vitro con- 
ditions. PP-2B was employed as a positive control. We 
found that PP-1 unmasked the epitope of antibody Tau-1 
and blocked the epitopes of antibodies SMI31 and PHF- 
1, but failed to unblock the epitopes of antibodies 102c 
and SM133 (Fig. 2). PP-2C did not change any of these 
epitopes. These results indicate that PP-1 dephospho- 
rylates abnormal phosphorylation sites Ser-199, Ser-202, 
Ser-396 and Ser-404 but not Ser-46 and Ser-235 of AD 
P-tau. Whereas PP-2C had no effect on dephosphoryla- 
tion of above sites. 

The rate of dephosphorylation of Ser-199/Ser-202, 
Ser-396/Ser-404 and Ser-396 of AD P-tau by PP-1 was 
determined using immunobiots with Tau-1, SMI31 and 
PHF-1, respectively. The time course showed a rapid 
change of epitopes of AD P-tau towards these three an- 
tibodies (Fig. 3). Within 20-30 min incubation of AD 
P-tau with PP-1, staining of Tau-1 became maximal and 
those of both PHF-1 and SMI31 disappeared com- 
pletely. These results suggested that the four phosphoryl- 
ation sites of AD P-tau can be easily hydrolyzed by PP-1. 

We have also investigated the dephosphorylation of 
AD P-tau at various conditions (Fig. 4). In the absence 
of metal (1.0 mM EDTA present), PP-1 could also de- 
phosphorylate AD P-tau at Ser-396 but the activity was 
low. Dephosphorylation of AD P-tau by PP-1 was 
strongly activated by 1.0 mM Mn 2 ~ but inhibited by 10 
mM Mg 2 *. We further investigated the required concen- 
tration of Mn 2+ for this activation. The activation was 



observed at 10 //M Mn 2+ and it reached maximum at 
about 100 juM Mn :+ (Fig. 5): the physiological level of 
Mn 2+ is 5-ll^Min brain [33]. 

3.3. Dephosphorylation of [ S2 P]tau by PP-1 and PP-2C 
Tau protein is known to be phosphorylated in vitro at 
Ser-214, Ser-324, Ser-356, Ser-409 and Ser-416 by PKA 
[29]. So far none of these sites have been reported to be 
abnormally phosphorylated in Alzheimer disease brain, 
but they may be involved in normal phosphorylation of 
tau. We therefore asked whether these non-abnormal 



71,2 ~ ^ ** * w m m Tau-i 

43.5- 

71 2 — B 

43.5-. M ! ' ; v 



71.2- !: # C 

: '*c&ir 

. Tim, Mil :: '"iir 

43.5- ■ I'' 



Lane 1 23455 789 10 
Time(min) i 3 6 10 15 20 30 40 60 

Fig. 3. Time course of dephosphorylation of AD P-tau by PP-l. Im- 
munobiots of AD P-tau were carried out after incubation either without 
(lane I) or with 1.0 unit/ml PP-1 as described in Fig. 2 at 30°C for 
different time intervals (lanes 2-10). Phosphorylation-dependent anti- 
bodies Tau-1 (A), SMI3I (B) and PHF-1 (C) were used to monitor the 
dephosphorylation. Molecular weight (kDa) markers are indicated at 
the left of each panel. 
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Fig. 4. Effect of Mn 3 * and Mg 3 ** oq dephosphorylation of AD P-tau by 
PP-1 . AD P-tau was incubated with 1 .0 unit/ml PP-1 in the presence of 
cither 1.0 mM EDTA <C), 1.0 mM Mn a * (o) or 10 mM Mg 2 * (a) at 
30°C for different time intervals as described to section 2. After incuba- 
tion, AD P-tau was subjected to immun obi ot ting with monoclonal 
antibody PHF-1 which stains only phosphorylated forms of tau, fol- 
lowed by densltometrlc scanning. Dephosphorylation is expressed by 
percentage of remaining PHF-1 staining. 

phosphorylation sites of tau can be dephosphorylated by 
either PP-1 and PP-2C Interestingly, even though PP-1, 
PP-2B and PP-2C had obviously different effects on 
dephosphorylation of abnormal phosphorylation sites of 
AD P-tau, they had similar high activities towards 
[ 32 P]tau phosphorylated by PKA (Fig. 6). 



4. Discussion 

In order to examine whether there is a defect of protein 
phosphatase(s) that might be involved in the abnormal 
phosphorylation of tau in AD brain, it is essential to 
identify which protein phosphatase^) can dephospho- 
rylate the AD P-tau. We have recently found that PP-2A 
and PP-2B rapidly dephosphorylate AD P-tau in vitro 
([22] and Gong et al. manuscript submitted for publica- 
tion). The present study shows that PP-1 also dephos- 
phorylates AD P-tau at some of the sites whereas PP-2C 
has no activity towards any of the sites studied. Although 
three of four types of protein phosphatases can dephos- 
phorylate AD P-tau, they have different site specificities. 
Six of nine known abnormal phosphorylation sites of 
AD P-tau have been examined in these studies. They are 
Ser-46, Ser-199, Ser-202, Ser-235, Ser-396 and Ser-404. 
All of them can be dephosphorylated by PP-2B; PP-2A 
can dephosphorylate all except S-235; and PP-1 dephos- 
phorylates Ser-199, Ser-202, Ser-396 and Ser-404 but nei- 
ther Ser-46 nor Ser-235. Hence at least four abnormal 
phosphorylation sites, Ser-199, Ser-202, Ser-396 and Ser- 
404, can be dephosphorylated by the three enzymes, PP- 
1, PP-2A and PP-2B. These results indicate that the reg- 
ulation of phosphorylation level of tau is very complex 
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and more than one protein phosphatase might be in- 
volved in hyperphosphorylation of tau in AD. 

When [ 32 P]phosphorylase kinase was used as a sub- 
strate to determine protein phosphatase activities, PP-1 
activity was about 20-fold higher than PP-2C activity in 
human brain extracts [19]. In the present study, also 
using [ 33 P]phosphorylase kinase as a substrate to define 
the activities of both PP-1 and PP-2C, 1 .0 unit/ml of PP-1 
almost completely dephosphorylated Ser-199, Ser-202, 
Ser-396 and Ser-404 of AD P-tau in 20-30 min, but 2.0 
units/ml of PP-2C did not dephosphorylate AD P-tau at 
any sites studied at the optimal in vitro conditions. 
Taken together, these results suggest that AD P-tau is 
not a substrate for PP-2C. 

Tau isolated from adult brain normally contains 2-3 
mol of phosphate per mol of the protein [7-9]. However, 
neither the phosphorylation sites nor the responsive ki- 
nase(s) have yet been fully elucidated. Normal tau might 
be partially phosphorylated at Ser-202 and Ser-404 
[31,32], but to date other sites have not been excluded to 
be phosphorylated. PKA is known to phosphorylate tau 
at Ser-214, Ser-234, Ser-356, Ser-409 and Ser-416 [29]. 
PP-2C as well as PP-l and PP-2B can release about 80% 
radioactivity from PKA-phosphorylated [ 32 P]tau in 60 
min, suggesting that these phosphatases dephospho- 
rylate most of these phosphorylation sites of tau. There- 
fore, even if it is not involved in abnormal phosphoryla- 
tion of Alzheimer tau, PP-2C may be associated with the 
regulation of phosphorylation level of normal tau. 

The present study also shows that PKA- 
phosphorylated tau and AD P-tau serve as different sub- 
strates for protein phosphatases. AD P-tau can be 
dephosphorylated by PP-l, PP-2A and PP-2B but not by 
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Fig. 5. Dephosphorylation of AD P-tau by PP-1 at various concentra- 
tions of Mn*\ AD P-tau was incubated with 1.0 unit/ml PP-1 in the 
presence of various concentrations of MnCl 2 at 30°C for 60 min as 
described in section 2. After incubation, AD P-tau was subjected to 
irnmunoblotting with PHF-1 (which stains only tau phosphorylated at 
Ser-396) followed by densitometric scanning. Dephosphorylation is 
expressed by percentage of remaining PHF-1 staining. 
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Fig. 6. Depbosphorylation of PKA-phosphorylated tau by PP- 1 , PP-2D 
and PP-2C. PKA-phosphorylated tau [0.1 mg/mj) was incubated either 
without (C) or with 0.4 unit/ml of PP-1 (©), PP-2B (Q) or PP-2C (A) 
at 30*C for different time Intervals as described in section" 2. The 
reaction mixtures also included LOmMMnCK for PP-1, 1.0 mM CaCI t , 
1.0 calmodulin and 1.0 mM MnCU for PP-2B, and 10 mM MgCl : 
for PP-2C. 



PP-2C, whereas PKA-phosphorylated tau is almost an 
equally good substrate for PP-1, PP-2B and FP-2C 
Whether the completely different behavior of AD P-tau 
and PKA-phosphorylated tau as a substrate for PP-2C 
is due to different phosphorylation sites, and/or due to 
different protein conformations remains to be investi- 
gated. 

Acknowledgements: We would like to thank Dr. L.I. Binder. University 
of Alabama, Birmingham, AL, for providing Tau- 1 antibody, Dr. S.G- 
Greenberg, Burke Medical Research Institute, White Plains, NY, for 
providing PHF-1, Dr. T.J. Singh of our laboratory for a gift of PP-2B, 
and Y.-C. Tung and T. Zaidi of our laboratory for isolation of tau. 
Autopsied brain specimens were generously supplied by the Nether- 
lands Brain Bank, Amsterdam, the Netherlands; and the Brain Tissue 
Resource Center. Belmont, MA, USA. This work was supported by the 
New York State Institute for Basic Research in Developmental Disabil- 
ities, grants NS18105, AG05892, AG08076, and AO04220 from the 
National Institutes of Health, Zenith Award (to K. Iqbal) from Alz- 
heimer's Association, USA, and grant DMB- 9019882 from the Na- 
tional Science Foundation (to Z- Dainuni). 



References 

[1] Himmlen A., Drechsel, D., Kirschner, M.W. and Martin. D.W. 

Jr. (1989) Mol. Cell. Biol. 9, 1381-1388. 
[2] Goedert. M., Spillantini, M.G., Rutherford, D. and Growther. 

R.A. (1989) Neuron 3, 519-526. 
[3] Lindwali, G., and Cole, R.D. (1984) J. Biol. Chem. 259, 5301- 

5305. 

[4] Grundke-Iqbal. I., Iqbal K„ Tung, Y.-C, Quinlan, M.. 
Wisnieswski, H. and Binder, L. (1986) Proc. Natl. Acad. Sci. USA 
83, 4913-1917. 



C.-X Gong et nil FEDS Letters 341 (1994) 94-98 

[5] Iqbal, K„ Grundke-Iqbal, I., Zaidi, X, Merz, P.A., Wen, G.Y, 

Shaikh, S.S., Wisniewski, H.M., Alafuzoff, I. and Winblad. B. 

(1986) Lancet 2, 42M26. 
[6] Iqbal, K., Koepke-Secundo, E. and Grundke-Iqbal, I. (1991) J. 

Neuropathol, Exp. Neurol, 50, 316 (Abstract). 
[7] Selden, S.C and Pollard, T.D. (1983) J. Biol. Chem. 258, 7064- 

7071. 

[8] Ksiezak-Redlng. H. t Liu, W.-K. and Yen, S.-H. (1992) Brain Res. 
597, 209-219. 

[9] Kopke, E., Tung, Y.-C, Shaikh, S.. Alonso. A.C., Iqbal, K. and 
Grundke-Iqbal, 1. (1993) J. Biol. Chem. 268, 24374-24384. 

[10] Iqbal, K., Grundke-Iqbal, I., Smith, A.J., George, L.. Tung, Y.-C 
and Zaidi, T (1989) Proc. Natl. Acad. Sci. USA 86, 5646-5650. 

[1 1] Brion, LP., Hanger, D.P., Bruce. M.T.. Conck, A.M., Flame nt- 
Durand, J. and Anderton, B.T. (1991) Biochem. J. 273, 127-133. 

[12] Biernat, J., Mandelkow, E.-M., Schroter, C, Lichtenberg-Kraag : 
B., Steiner, B., Berling, B., Meyer, H., Mercken, M., Vander- 
meeren. A., Goedert, M. and Mandelkow, E. (1992) EMBO J. 11. 
1593-1597. 

[13] Szendrei, G.I., Lee, V.M.-Y. and Otvos. L.Jr. (1993) J. Ncurosci. 

Res. 34. 243-249. 
[14] Hasegawa, M.. Morishima-Kawashima, M., Takio, K M Suzuki, 

M., Titani, K."and Ihara, Y. (1992) J. Biol. Chem. 267, 17047- 

17054. 

[15] Lichtenberg-Kiaag, B., Mandelkow, E.-M., Biernat, J., Steiner, 

B., Schroter, C, Gustke, N., Meyer. H.E. and Mandelkow, E. 

(1992) Proc. Natl. Acad. Sci. USA 89, 5384-5388. 
[16] Lee, V.M.Y. Balin, BJ., Otvos, L. and Trojanowski, J.Q. (1991) 

Science 251, 675-678. 
[17] Kanemani, K... Takio, K., Miura, R. Titani, K. and Ihara, Y. 

(1992) J. Neurochem. 58, 1667-1675. 
[18] Cohen, P. (1989) Annu, Rev. Biochem. 58, 453-508. 
[19] Gong, C.-X., Singh, T.L, Grundke-Iqbal, I. and Iqbal, K. (1993) 

J. Neurochem. 61,921-927. 
[20] Yamamoto. H., Saitoh, Y, Fukunaga, K., Nishimurura, H. and 

Miyamoto, E. (1988) J, Neurochem. 50, 1614-1623. 
[21] Goto, S., Yamamoto, H., Fukunaga, K M Iwasa, X, Matsukado, 

. Y and Miyamoto, E. (1985) J. Neurochem. 45. 276-283. 
[22] Gong, C.-X., Singh, T.J., Grundke-Iqbal, I. and Iqbal, K. (1994) 

J. Neurochem, 62, 803-S06, 
[23] Cohen, P. (1973) Eur. J. Biochem. 34, 1-14. 
[24] Sharma, R.K., Taylor, W.A. and Wang, J.H. (1983) Methods 

Enzyrnol. 102, 210-219. 
[25] Amick, G.D., Reddy, S.A.G, and Darmmi, Z. (1992) Biochem. J. 

287. 10L9-1022. 

[26] Binder, L.I., Frankfurter, A. and Rebhun, L.I. (1985) J. Biol. 
Chem. 101. 1371-1378. 

£27] Greenberg, S.G., Davics, R, Schein, J.D. and Binder, L.I. (1992) 
J. Biol. Chem. 267 t 564-569. 

[28] Lang, E., SzendTei. G.I., Lee. V.M.-Y and Otvos, L., Jr. (1992) 
Biochem. Biophys. Res. Commun. 187, 783-790. 

[29] Scott, C.W., Spreen, R.C., Herman. J.L., Chow. FP. and Davi- 
son, M.D. (1993) J. Biol. Chem. 268. 1166-1173. 

[30] Ballou, L.M. and Fischer, E.H. (1987) The Enzymes 17, 311-361. 

[31] Anoka, M.. Tsukamoto, M., Ishiguro, K. ( Kato, R.. Sato, K„ 
Imahori, K, and Uchida, X (1993) J. Neurochem. 60, 461-468. 

[32] Poulter, L., Barratt, D. ( Scott, C.W. and Caputo, C.B. (1993) J. 
Biol. Chem. 268, 9636-9644. 

[33] Friberg, L. r Nordberg, G.F. and Vouk. V.B., Eds. (1986) Hand- 
book on the Toxicology of Methods. Vol. 2. pp. 264-366, Elsevier, 
Amsterdam, New York. 



STIC-ILL A 7 ^ 



From: Turner, Sharon 

Sent: Thursday, September 28, 2000 1:14PM 

To: STIC-ILL 

Subject: 09142613 



Please Provide 

EMBO J 1992 April 11 (4): 1593-7 

J. of Neurosci Res 1993 Feb 15, 34(3):371-6 *199 epitope 
Neuroscience Letters 1993 April 16, 153(1):57-60 
FEBS Letters 1995 Feb 20, 360(1 ):5-9 
FEBS Letters 1994 March 14, 341(1):94-98 
J. of Neurochem., 1995 April 64(4):1 759-68 
Neurochemistry International 1995 March 26(3):205-15 
Biochem J., 1995 Aug 1, 309(Pt 3):941-9 




CM1-8A12 GAU 1647 
(703) 308-0056 



i 



Neurobiology of Aging. Vol. 17. No. 2, pp. 235-241, 1996 
Copyright © 1996 Elsevier Science Inc. 
Printed in ihe USA. All rights reserved 
01974580/96 SI 5. 00 + .00 

0197-4580(95)02068-3 

Neurodegenerative Changes Including Altered 

Tau Phosphorylation and Neurofilament 
Inimunoreactivity in Mice Transgenic for the 
Serine/Threonine Kinase Mos 

NICHOLAS D. JAMES,* 1 DANIEL R. DAVIS,t JOHN SINDON4 DIANE P. HANGER t 
JEAN-PIERRE BRION,§ CHRISTOPHER C. J. MILLER^ MICHAEL P. ROSENBERG"! 
BRIAN H. ANDERTONt AND FRIEDRICH PROPST* 2 

*Ludvvig Institute for Cancer Research, Norfolk Place, London W2 I PG, UK 
fDepanment of Neuroscience and ^Department of Psychology, Institute of Psychiatry, London SE5 8AF t UK 
^Laboratory of Pathology and Electron Microscopy, Free University of Brussels Medical School, 808 Route de Lennik, 

B-W70 Brussels, Belgium 

f Glaxo Research Institute, Department of Pharmacology, Five Moore Drive, Research Triangle Park, NC 27709 
Received 17 April 1995; Revised 3 July 1995; Accepted 17 September 1995 

JAMES. N. D.. H. R. OAVIRS. J. S1NDON, D. P. HANGER, J -P. BRION. C. C.J MILLER, M. P ROSENBF.RG, B. H. ANDER- 
TON AND F. PROPST. Neurodegenerative changes including altered tau phosphorylation and neurofilament immunvreactivity in 
mice transgenic for the serine/threonine kinase Mos. NEUROBIOL AGING 17(2) 235-241, 1996. — Transgenic mice expressing the 
oncogenic protein-serine/threonine kinase Mos at high levels in the brain display progressive neuronal degeneration and gliosis. Gliosis 
developed in parallel wiih the onset of postnatal transgene expression and led to a dramatic increase in the number of astrocytes positive 
for GFAP. vimentin, and possibly tau. Interestingly, vimenlin is normally expressed only in immature or neoplastic astrocytes, but 
appears to be induced to high levels in Mos- transgenic, mature astrocytes. Mos can activate mitogen activated protein kinase (MAPK) 
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might be u proteolytic neurofilament heavy chain degradation product. These results suggest that activation of protein phosphorylation 
in neurons can result in changes in cytoskeletal proteins that might contribute to neuronal degeneration. 
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SEVERAL common neurodegenerative diseases have characteris- 
tic abnormalities of the cyloskclcton in vulnerable neurons. In 
Alzheimer's disease many neurons contain hyperphosphorylated 
tau in the form of paired helical filaments (PHF) (48). In senile 
dementia of the Lewy body type and in Parkinson's disease cor- 
tical neurons and neurons of the substantia nigra contain perikaryal 
spherical accumulations of neurofilaments (Lewy bodies) (37,52). 
A characteristic of motor neuron disease is the presence of axonal 
spheroids in motor neurons, and these, too, are neurofilamentous 
(29.49). It is frequently assumed that defective regulation of neu- 
rofilament phosphorylation is responsible for these various neuro- 
filament pathologies, which is based upon the observation that the 
perikaryal neurofilament inclusion bodies are labeled with anti- 
bodies selective for phosphorylated neurofilament epitopes. Such 
epitopes are normally found only on axonal neurofilaments, peri- 



karyal neurofilaments being predominantly dephosphorylated at 
those sites (32). We have, therefore, examined cytoskeletal pro- 
teins in the brains of transgenic mice overexpressing a protein 
kinase, namely, the protein-serine/threonine kinase encoded by the 
Mos protooncogene. These animals were of particular interest be- 
cause they have been shown to exhibit neurodegenerative changes 
in response to Mos overexpression (40). Moreover, the Mos pro- 
tein kinase has been shown to activate mitogen activated protein 
kinase (MAPK) (31,38,46). The latter enzyme is capable of phos- 
phorylating in vitro cytoskeletal proteins such as the microtubule- 
associated protein tau at sites phosphorylated in PHF-tau found in 
Alzheimer's disease (15). 

The Mos protooncogene encodes a protein-serine/threonine ki- 
nase (28.41,54) with a key function in the regulation of meiosis 
during maturation of vertebrate oocytes. It has been demonstrated 
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that Mos is necessary and sufficient for the induction of maturation 
in Xenopus oocytes in vitro (16.42,53) and is responsible for the 
regulated progression of oocytes through meiotic divisions (43). 
Similar results have been reported for mouse oocytes (33,36,56) 
and have been confirmed in vivo in mice lacking Mos (1 1,18). In 
addition to its normal function, Mos has a potent oncogenic trans- 
forming activity in tissue culture cells (34). Both normal and trans- 
forming functions of Mos are believed to be mediated by the 
MAPK signal transduction pathway. It has been shown that Mos 
can activate MAPK. presumably through phosphorylation and ac- 
tivation of MAPK kinase (MAPKK) (31.38,46). 

Transgenic mice carrying activated Mos transgenes display a 
range of neurological phenotypes including movement and posture 
abnormalities, tremors, progressive ataxia, and paralysis (39,40). 
Hisiopathological examination of the central nervous system 
(CNS) shows vacuolation of the neuropil, severe neuronal, and 
axonal degeneration, infiltration of the neuropil and meninges by 
inflammatory cells, and gliosis. In addition, abnormal neurons that 
stain positive for phosphorylated epitopes of neurofilaments in the 
perikaryon and abnormal astrocytes with large atypical nuclei are 
observed. These pathologic alterations correlate with overexpres- 
sion of the Mos transgene in affected areas of the CNS as assessed 
by in situ hybridization. The lesions appear at around 1 month of 
age. increase in severity up to 5 months, but do not appear to be 
fatal, as affected mice will live to a normal life span. 

Here we report that in the brains of /Vfor-transgenic mice we 
find increased levels of phosphorylation at one epitope on tau 
(equivalent to serine 202 of human tau). This pattern of phosphor- 
ylation is partially similar but not identical to that found on PHF- 
tau in Alzheimer's disease (2,24). We also found that Mos- 
transgenic mice but not nontransgenic mice express a protein spe- 
cies in the brain that is labeled by several antibodies to 
phosphorylated neurofilaments and might be a proteolytic degra- 
dation product of the neurofilament heavy chain (NF-H). lmmu- 
nohisioehemical studies of the transgenic brains with antibodies to 
amyloid (3 protein (A(J) did not reveal the presence of amyloid 
deposits. These results suggest that activation of protein phosphor- 
ylation in neurons can result in changes in cytoskeletal proteins. 
Thus, transgenic mice expressing activated protein kinases in neu- 
rons may be a useful model for studying the participation of the 
cytoskeleton in the neurodegenerative process. 

METHOD 

Animals 

c-Mos- transgenic mice of line 4 or line 3, both carrying the 
pTS74 transgene (40), and normal littermates or age- and sex- 
matched controls were used for this study. Where necessary, the 
genotype of mice was verified by Southern blot analysis (50) of 
tail DNA. All experiments described below were carried out using 
tissues from ai least two individual transgenic animals at each state 
of postnatal development, and in each case the same results were 
obtained in all transgenic animals analyzed. 

Antibodies 

The rabbit polyclonal anti-CFAP serum 1-2 was raised against 
purified mouse GFAP and characterized by comparison with a 
commercially available polyclonal anti-GFAP serum (Dako). For 
vimentin we used a monoclonal aniivimentin antibody Vim 3B4 
(Boehringer) and a rabbit polyclonal affinity-purified antibody 
(Euro-Diagnostic). Monoclonal antibody TAU I (Boehringer) rec- 
ognizes an epitope in tau provided that serines 199 and 202 (num- 
bering according to human tau) are unphosphorylated (3) and the 
monoclonal antitau antibody AT8 (gift from Innogenetics. Ghent. 



Belgium) requires serine 202 to be phosphorylated to generate its 
epitope (2). BI9 is a rabbit polyclonal antiserum raised against 
adult bovine tau proteins (5). SMI3L SMI33. and SMI34 (51) and 
8D8. RT97, BF10, and RSI 8 are monoclonal antibodies directed 
against neurofilaments but crossreact with PHF-tau (7,10,25). For 
MAP2 analysis we used monoclonal antibodies HM-2 (Sigma) and 
API 8 ( 1). The anti-MAP2 antibody B9 was raised against rat high 
molecular weight MAP2 proteins (4). MAP1B was examined us- 
ing monoclonal antibody GIO (17). The anti-p/A4 amyloid anti- 
body is a rabbit polyclonal serum raised against a synthetic peptide 
corresponding to residues 12-28 of the p/A4 amyloid peptide. 

Transgene mRNA Analysis 

Total RNA was isolated from the brain as described (9) using 
the RNAzol reagent (Cinna/Biotecx) according to the manufactur- 
er's protocol. RNA was analyzed using a ribonuclease protection 
assay supplied by Ambion according to the manufacturer's proto- 
col. A radioactively labeled RNA probe.was obtained by in vitro 
transcription of plasmid pGLMos (39), which was linearized with 
restriction endonuclease BspEI. Transcription of this template 
with Sp6 RNA polymerase in the presence of o> 32 P-GTP yields a 
continuously labeled 540 nucleotide transcript of which 507 
nucleotides are complementary to the 3' end of transgene mRNA. 

Protein Preparation and hnmunobtotting 

Mice were sacrificed by cervical dislocation and the brain was 
dissected as rapidly as possible and placed on dry ice. The frozen 
brain was then weighed ( wet weight) and either stored at -70°C or 
processed immediately. Samples were homogenized at 100 mg wet 
weight of tissue per ml in a buffer containing 1 50 mM Tris-HCl 
pH 6.8. 20% (v/v) glycerol, 4% (w/v) SDS, 5% (v/v) (3-mercap- 
toethanol. and 0.02% (w/v) bromophenol blue in a PT 10-35 Ki- 
nematica homogenizer (Brinkman, NY) followed by sonicatiun 
and boiling. This procedure yields samples with a concentration of 
approximately 8 mg protein per ml. Equal volumes of all samples 
were fractionated on 8, 10, or 12% polyacrytamide gels (22) and 
transferred electrophoretically to supported nitrocellulose mem- 
branes (Hybond-C super. Amersham International, UK). Trans- 
ferred blots were blocked with 5% (w/v) nonfat dry milk in TBST 
(10 mM Tris-HCl pH8, 150 mM NaCl, 0O5% (v/v) Tween 20) for 
either 2 h at room temperature or 4°C overnight. Following incu- 
bation with primary antibody for 1-2 h at room temperature or 
overnight at 4°C at the indicated dilutions in the same buffer 
detection was carried out by enhanced chemolurninescence (20) 
using the ECL immunoblotting detection system (Amersham In- 
ternational, UK) or by an alkaline phosphatase conjugate substrate 
kit (BioRad, UK) according to the manufacturer's protocols. 

Immunohistochemistry 

For immunohistochemistry, brains were removed and cut sagi- 
tally into two equivalent halfs. One-half was fixed in methacarn 
(methanol, chloroform, acetic acid) for 48 h, dehydrated, and em- 
bedded in paraffin. Tissue sections with a thickness of 7 \xm were 
cut and processed for immunocytochemistry. The other half of the 
brain was fixed in 4% paraformaldehyde and sections were cut to 
30 \xn\ and processed similarly. The immunolabeling was per- 
formed using the peroxidase-antiperoxidase (PAP) method. 
Briefly, tissue sections were treated with H 2 0 2 to inhibit endog- 
enous peroxidase, incubated with the blocking solution (20% nor- 
mal goat serum in TBS: 0.01 M Tris-HCl, 0.15 M NaCl, pH 7.4), 
and then overnight with the diluted primary antibody. Following 
incubation with goal anlirabbit or ami mouse antibody (Nordic) and 
a rabbit or mouse PAP complex (Nordic), peroxidase activity was 
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FIG. 1. Postnatal development of transgene expression in A*oj-transgenic 
mice. Transgene niRNA expression was determined by an RNase protec- 
rion assay of 10 p.g of total brain RNA prepared from normal (N) or 
transgenic (T) liuermates at the indicated ages. For each age the two 
transgenic samples with the highest and lowest levels of expression are 
shown (with the exception of 3- week -old animals where only one trans- 
genic and one normal sample are shown). On the right, migration of size 
markers of the indicated length in nucleotides (nt) are shown. In samples 
of /V/av-transgenic mice of at least 1 week of age the 540 nt riboprobc (P) 
is protected for a length of 507 nt. as expected. The intensity of the 507 nt 
band reflects the relative amount of transgene mRNA present in the 
sample. The low level of expression of the endogenous c-Mos gene re- 
ported for the brain (40) was not observed in this experiment due to the fact 
that total RNA instead of poly A+ was used. 



revealed using diaminobenzidine as chromogen. Prior to immuno- 
labelling a parallel set of sections was incubated for 20 h at 37°C 
with alkaline phosphatase from calf intestine (130 U/ml; Boe- 
hringer) diluted in 0.1 M Tris-HCl. pH 8.0. 1 mM phenylmethyl- 
sulfonylfluoride, 10 mg/ml pepstatin, 10 mg/ml leupeptin. Prior to 
immunolabeling with the 0/A4 amyloid antibody, sections were 
treated with formic acid for 10 min. As a control for the immu- 
nohistochemical detection of phosphorytated and unphosphory- 
lated tau. hippocampal sections of patients with Alzheimer* s dis- 
ease were immunolabeled with the TAU1 and AT8 antibodies, 
with and without pretreatment with alkaline phosphatase. Dilution 
of primary antibodies in immunohistochemistry: B19, AT8, and 
anti-GFAP 1:1000; anti-MAP2, anti-|J/A4, and SMI3I, 1:500; 
TAU I. 1:250: antivimentin (Euro-Diagnostic). 1:50. 

RESULTS 

We have previously reported that mice transgenic for the c-Mos 
gene under the control of the strong Moloney murine sarcoma 
virus (MSV) promoter display severe, progressive degeneration of 
axons and neurons in the brain (40). This phenotype is observed in 
four independent lines of transgenics and is first apparent at 4 
weeks of age. Subsequently, the severity of the lesions increases 
up to the age of 5 months. To correlate the appearance of these 
pathologic alterations with transgene expression during postnatal 
development we analyzed transgene mRNA levels during the first 
6 weeks after birth. The results are shown in Fig. 1. Transgene 
expression is first detected at 1 week after birth and subsequently 
increases to reach high levels by 4 weeks of age when the brain 
pathology is first seen. We observed some variation of transgene 
mRNA levels between individual mice (for example, Fig. 1 ; 4- and 
5-week-old transgenics), which might reflect slight differences in 
postnatal development. 

The histopathological analysis of Afoj-transgenic mice had re- 
vealed extensive astrocytosis detectable between 1 and 3 months 
of age (40). We. therefore, examined the expression of glial fibril- 
lar)' acidic protein (GFAP) and vi men tin, two marker proteins of 
glial intermediate filaments ( 13,14). during postnatal development. 
Whole brain protein extracts were prepared at different ages and 
analyzed by immunoblotting using antisera specific for GFAP or 
vimcntin. In normal mice, GFAP expression was barely detectable 
at birth but increased to reach adult levels at around 3 weeks of age 



in agreement with published reports (13,14). In newborn trans- 
genic animals, GFAP levels were as low as in normal mice, con- 
sistent with the absence of transgene expression at this age. How- 
ever, by 3 weeks of age when transgene expression had started, 
GFAP levels were elevated in the transgenic brain, and in adult 
animals a dramatic increase in GFAP levels was observed (Fig. 
2A). This increase was confirmed by immunohistochemical stain- 
ing of the transgenic brain sections, which revealed a strong in- 
crease in the number of GFAP-positive cells (Fig. 4). 

In normal newborn mice vimentin is expressed in glial cells but 
the levels rapidly decrease with increasing age and GFAP expres- 
sion (13,14). In view of astrocytosis and concomitant increase in 
GFAP expression in Afo^-transgenic mice we also examined vi- 
mentin expression during the postnatal period by immunoblotting. 
In normal mice, vimentin expression was highest in newborn ani- 
mals, thereafter rapidly decreasing in the first 2 weeks of life and 
dropping to virtually undetectable levels by adulthood as has been 
described (13,14) (Fig. 2B). In the transgenic brain, in contrast, 
vimentin expression was initially identical to normal animals but 
rose steadily from 3 weeks of age to reach high levels in adult 
mice. In addition, in some but not all transgenic samples an addi- 
tional band of apparent molecular weight 50 kDa was detectable 
(Fig. 2B). This protein was not analyzed further, but could be a 
degradation product of vimentin as has been reported for Mos- 
transformed tissue culture cells (47). 

Given the progressive neuronal and axonal degeneration in the 
brain of Mcr-transgenic mice and the observation that phosphor- 
ylation of cytoskeletal proteins might be involved in neuronal de- 
generation in general (2,24,32), we next examined the phosphor- 
ylation pattern of the microtubule-associated protein tau. The two 
antibodies chosen were TAU1 (3), which identifies an epitope in 
tau that requires serines 199 and 202 to be unphosphorylated, and 
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FIG. 2. Postnatal development of GFAP and vimentin expression in Mas- 
transgenic mice. Whole brain protein (50 jLg protein/lane) prepared from 
normal (N) and transgenic (T) littermales at the indicated ages was ana- 
lyzed by immunoblotting for the expression of GFAP using the 1-2 anti- 
GFAP serum diluted 1:50 (panel A) and vimentin using the Vim 3B4 
antivimentin serum diluted 1:200 (panel B). The 55 kDa full length vi- 
mentin band is indicated by the arrow. Immunoblot analysis using a com- 
mercially available anti-GFAP serum (Dako; diluted 1 :200) yielded results 
identical to those shown in panel A. The samples correspond to the ones 
used for Fig, 1. 
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FIG. 3. Expression of tau and neurofilament proteins in Afar-transgenic 
mice. Whole brain (A) or thalamus (B and C) lysaies (50 pig/lane) from 
4- week-old and adult (Ad) normal (N) and transgenic (T) littermates were 
analyzed by immunoblotiing using monoclonal anti-tau antibodies TAU1 
and AT8 (panels A and B) or anti neurofilament antibody SMI34 (panel C) 
as indicated. The samples in panels B and C are from adult mice. The band 
comigrating with the 69 kDa marker in panel A is an nonspecific chemo- 
luminescence- related background band that is detected also in the absence 
of specific primary antibody. Immunoblots in panels B and C were devel- 
oped using the PAP technique. Arrows indicate tau protein species detected 
by AT8 at elevated levels in transgenic mice (panels A and B) and the 
novel neurnfl lament-related protein detected by SMI34 in transgenic mice 
in panel C. 



AT8, which requires serine 202 to be phosphorylated to generate 
its epitope (2). The two antibodies are, therefore, complementary, 
as dephosphorylation of the AT8 epitope allows detection by 
TAU 1 and vice versa (2). TAU I identifies similar bands in both 
normal and transgenic mice of both ages (Fig, 3 A). The change in 
the elect rophoretic mobilities towards higher molecular weight 
isoforms in older mice is consistent with published reports (23). In 
contrast. AT8 identifies one predominant band larger in size than 
the bulk of tau proteins detected by TAU1 in 4-week-old normal 
and transgenic mice, possibly with a higher signal from the normal 
mice. In adult mice, this band is detected more strongly in trans- 
genic mice (Fig. 3 A), indicating an increase of tau phosphorylation 
at the AT8 epitope. Analysis of tau proteins with the AT8 antibody 
in extracts prepared from thalamus, a region severely affected in 
the A/o.f-transgenic brain (40), yielded similar results (Fig. 3B), 
demonstrating that neuronal loss in this brain area correlates with 
an increase of tau phosphorylation at the AT8 epitope. 

We also examined possible differences in the expression of 
neurofilament proteins using a panel of monoclonal antibodies. 
Representative results obtained with SMI34, which recognizes 
phosphorylated neurofilament proteins (51), are shown in Fig. 3C. 
Whereas no significant difference in the phosphorylation of NF-H f 
NF-M (not shown), and NF-L was detectable in the Mos- 
transgenic brain, we observed a novel protein species of 45-50 
kDa in transgenic brain samples. The simplest interpretation of this 
result is that this protein is a degradation product of phosphory- 
lated neurofilament proteins because it was labeled by all of the 
monoclonal antibodies used. 

Additional experiments aimed at investigating expression and/ 
or status of phosphorylation of microtubule- associated proteins 
MAP IB and MAP2 a, b, and c did not reveal alterations in protein 
extracts from brains of A^o.t-transgenic mice (data not shown). 



To complement the results obtained by immunoblotting, we 
performed immunohisiochemislry on sections of the normal and 
A/oj-transgenic brain. As reported previously (40) transgenic mice 
exhibited a strong gliosis with numerous GFAP-positive cells in 
many areas of the brain. These GFAP-positive cells were much 
less numerous or absent in control animals. In the forebrain of 
transgenic mice, a strong GFAP-immunoreactivity was observed 
in the hippocampus (Fig. 4 A and B), in many neocortical areas, in 
the striatum, in the thalamus, and in the corpus callosum. A strong 
GFAP-immunoreactivity was also detected in the white matter and 
the cortex of the cerebellum, with a strong labeling of Bergmann 
glia in the latter. Some astrocytes showed an atypical shape, with 
irregular and tortuous extensions, or exhibited an extended and 
ba Honed cytoplasm. 

Staining brain sections for tau with antibodies TAU 1 or B 1 9 
yielded strong labeling of white matter tracts and in the neuropil uf 
gray matter, whereas only a very weak tau immunoreactivity was 
detected in perikarya and dendrites. The distribution and intensity 
of tau immunoreactivity was similar in transgenic and control ani- 
mals (Fig. 4C and D) and was not markedly affected by pretreat- 
ment of the sections with alkaline phosphatase, a procedure that 




FIG. 4. [mmunolabeling (PAP technique) of adjacent sections of the hip- 
pocampus (methacarn fixation) from transgenic (A and C) and control (B 
and D) mice with the anti-GFAP antibody (A and B) and the B 19 anti-tau 
antibody (C and D). A strong gliosis is apparent in the hippocampus of 
the transgenic animal (A) and is associated with the presence of many 
small tau- positive cells, predominantly in white matter areas (C). Scale bar: 
150 u.m. 
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strongly increases labeling of human neurofibrillary lesions by 
TAU1 (not shown). In addition to the neuronal labeling, small 
cells, mainly found in white matter areas exhibited a cytoplasmic 
tau immunoreactivity in both the normal and transgenic brain. 
However, in transgenic animals, these cells were much more abun- 
dant and their distribution paralleled the distribution of GFAP- 
positive glial cells (Fig. 4C and D). In contrast to the results 
obtained by immunoblotting. antibody AT8 directed against phos- 
phorylated tau did not yield significant tissue labeling, either in 
control or in the transgenic mouse brain sections. As a control we 
included human brain sections containing neurofibrillary' tangles, 
which were strongly labeled (not shown). 

To investigate which cells were responsible for the induction of 
vimentin expression in the transgenic brain (Fig. 2B), we stained 
transgenic and control sections with polyclonal and monoclonal 
antibodies against vimentin. These experiments revealed a strong 
vimentin immunoreactivity of many astrocytes in the Mos- 
transgenic brain, with only a few astrocytes positive in the normal 
brain (Fig. 5 A and B). However, in the transgenic brain, more 
astrocytes are positive for GFAP than for vimentin. For example, 
in the cortex, the number of GFAP-positive cells by far exceeds the 
number of vimentin-positive cells. In addition to astrocytes, 
smooth muscle cells in the walls of blood vessels were also labeled 
by the antivimentin antibody. 

Finally, an antibody to [J/A4 amyloid did not yield significant 
labeling in transgenic or control animals (not shown) and antibod- 
ies against MAP2 or neurofilament (SMI31), while showing the 
expected dendritic and axonal labeling, respectively, did not reveal 
differences between the normal and transgenic brain (not shown). 

DISCUSSION 

We have previously demonstrated that overexpression of the 
protein -serine/threonine kinase Mos in the brain of transgenic mice 
leads to severe brain pathology including vacuolation of the neu- 
ropil, neuronal, and axonal degeneration and gliosis (39,40). These 
observations gained renewed interest in the light of two recently 
published results. First, it was shown that the Mos protein kinase 
binds to microtubules in vivo (57), and secondly, Mos activates 
MAPK, presumably by phosphorylating and thereby activating 
MAPKK (31,38,46). Because MAPK, among other recently iden- 




FIG. 5. Immunolabeling (PAP technique) of adjacent sections of the hip- 
pocampus (methacarn fixation) from transgenic (A) and control (B) mice 
with the antivimentin antibody. Many astrocytes are vimentin positive in 
the transgenic animal (A) but not in the control (B). Scale bar: 100 \im. 



tified proline-directed kinases, has been implicated in the aberrant 
phosphorylation of cytoskeletal proteins found in neurodegenera- 
tive conditions (2), we thought to examine the expression and/or 
phosphorylation of cytoskeletal proteins that might be involved in 
the neuropathology of Afoj-transgenic mice. 

The analysis of glial intermediate filament proteins revealed a 
strong increase of both GFAP and vimentin during postnatal de- 
velopment of the transgenic brain. This increase occurred in par- 
allel to the postnatal onset of transgene expression and is consis- 
tent with the previously observed development of gliosis in these 
animals (40). Of particular interest in this context is the pattern of 
vimentin expression. During the early postnatal period, vimentin 
expression in the transgenic brain showed the developmental de- 
crease expected from published results obtained in normal mice 
(13,14). Thereafter, beginning at 3-4 weeks of age, vimentin ex- 
pression dramatically increased and during certain developmental 
stages (4-6 weeks) we observed, in addition to 55 kDa vimentin, 
a 50 kDa protein reacting with the monoclonal antivimentin anti- 
body. We have not analyzed this protein further, but its appearance 
is remeniscent of the detection of a proteolytic vimentin fragment 
in A/ay-transformed cells (47). In the May-transgenic brain, the 
postnatal increase in vimentin levels was due to expression in a 
subset of GFAP positive astrocytes. This reinduction of vimentin 
expression in mature astrocytes might be due to the action of the 
protooncogen Mos, as vimentin expression in neoplastic astrocytes 
has been documented (19,45,55). However, whereas atypical, per- 
haps preneoplastic, astrocytes are frequently observed in the Mos- 
transgenic brain, frank astrocytomas are rare (39,40). On the other 
hand, vimentin expression has been demonstrated in reactive as- 
trocytes in rats with experimental allergic encephalomyelitis (8). 

In addition to vimentin we observed tau-positive cells in the 
white matter of Mcw-transgenic brain. The distribution of these 
cells paralleled that of GFAP-positive cells, suggesting that tau. 
too, was expressed in astrocytes. A tau- immunoreactivity in astro- 
cytes has been described previously (12,35). Attempts to clarify 
whether it was these white matter cells rather than neurons that 
expressed tau containing phosphorylation-sensitive AT8-reactive 
epitopes by immunohistochemistry were unsuccessful (see below). 

The neuronal cytoskeletal proteins most commonly affected in 
neurodegenerative diseases are the microtubule-associated protein 
tau and the neurofilament proteins (29,37,48,49,52). Analysis of 
tau phosphorylation in .W<?s-transgenic mouse brain by a panel of 
monoclonal antibodies recognizing phosphorylated epitopes on tau 
revealed increased phosphorylation on one of these epitopes. This 
epitope contains serines 199 and 202 and is recognized by the AT8 
antibody. Other antibodies, such as 8D8, which recognize different 
phosphorylated epitopes on tau, did not reveal differences between 
normal and transgenic mice (not shown). Tau phosphorylation on 
the AT8 epitope was detected by immunoblot analysis of protein 
extracts from whole brain or thalamus, an area strongly affected in 
the transgenic brain. However, we were unable to clarify which 
cell type might contain hyperphosphorylated tau due to the lack of 
AT8 staining in histological sections. An absence of AT8- 
immunoreactivity in the adult rat brain by immunohistochemistry 
on methacarn-fixed tissue has been observed (6), although the 
detection of an AT8- immunoreactivity by immunoblotting in adult 
rat brain has been reported (27). Factors affecting the detection of 
phosphorylated tau in tissue sections might be the fixation condi- 
tions, the absolute level of the phosphorylated species, the post- 
mortem action of protein phosphatases or the masking of the phos- 
phorylated epitope in sections but not on blots. The latter has been 
observed with another microtubule-associated protein, MAP IB 
(17). 

Several candidates of proline directed protein-serine/threonine 
kinases, including MAPK, have emerged capable of phosphory- 
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lating tau. Given the fact that Mos activates the MAPK signal 
transduction pathway in several in vivo and in vitro systems, we 
investigated a possible activation of MAPK in transgenic brain 
extracts. However, in preliminary experiments we did not detect 
such an activation of MAPK (not shown). Other candidates of 
proline-directed protein kinases that might be responsible for Mos- 
induced phosphorylation of tau on serines 199 and or 202 include 
other MAPK related kinases. cdk5/tau protein kinase II (21,26,30). 
and glycogen synthase kinase 3|3/tau protein kinase 1 (25). Whether 
any of these kinases is, indeed, involved or whether Mos can 
phosphorylate lau directly remains to be determined. 

In addition to tau, neurofilament proteins are altered in Mos- 
transgenic mice. We have previously shown by irnmunohisto- 
chemistry that phosphorylated neurofilament epitopes, normally 
present exclusively in axons, can be detected in the perikarya of 
transgenic neurons (39,40). The immunoblol analysis carried out 
here did not, however, reveal detectable differences between nor- 
mal and transgenic littermates. This is probably due to the relative 
insensitivity of the immunoblot analysis of whole brain extracts. 
On the other hand, we were able to detect a novel 45-50 kDa 
protein species reacting with several antibodies reactive with neu- 
rofilament heavy chain. It is conceivable that this protein is a 
degradation product of the neurofilament heavy chain. As men- 
tioned above, a similar mechanism might account for the 50 kDa 
vimentin-related protein found in transgenic brain, implying that 
both glial and neuronal intermediate filaments are subject to this 
alteration. Interestingly, evidence for keratin proteolysis has been 
obtained in hepatocytes under conditions where the intermediate 



filament is hyperphosphorylated and aggregates into cytoplasmic 

inclusions termed Malory bodies (44). Thus, the possible detection 
of neurofilament and vimentin degradation in Afw-transgenic 
brain might be a sensitive indicator of intermediate filament ab- 
normalities. 

To our knowledge c-A/o.v- and v-Mos-transgcnic mice are 
unique in demonstrating that overexpression in the brain of a pro- 
tein-serine/threonine kinase implicated in the MAPK signal trans- 
duction pathway can trigger some but not all of the symptoms 
associated with human progressive neurodegenerative diseases. 
Whereas there is extensive and progressive neuronal loss and glio- 
sis, neurofibrillary tangles, paired helical filaments, and amyloid 
plaques have not been observed. Likewise, tau appears to be hy- 
perphosphorylated to some extent but only on one of the sites 
found in PHF-tau in Alzheimer's disease. It is conceivable that 
individual neurodegenerative diseases, while displaying unique 
and specific features, also share common mechanisms leading to 
neuronal loss. It is our hope that several different animal models 
such as Afos-transgenic mice, each displaying a different subset of 
neurodegenerative features, might contribute to a distinction be- 
tween specific and common mechanisms in neurodegeneration. 
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The effects of the excitatory amino acid glutamatc, the micro- 
tubule destabilizing agent colchicine, and /r u . bft -nmyloid peptide 
on the phosphorylation state of tau were studied in rat cortical 
neurons in primary culture. Using immunocyiochemistry and 
Western-blot analysis, we demonstrated that a proportion of tau 
in these cultures is normally highly phosphorylated, but most of 
this tau fraction is dephosphorylated after treatment of the 
cultures with glutamatc or colchicine, but not with /y-amyloid; 
the glutamatc- and colchicine-induced changes in tau 
phosphorylation commenced before cell death, as assessed by 
release of lactate dehydrogenase. Dephosphorylation of tau was 
readily revealed by using the monoclonal antibodies Tau.l and 
AT8, which have phosphate-sensitive epitopes that both centre 
around serine- 1 99 and -202 (numbering of the largest tau 
isoform). On Western blots and by immunocyiochemistry, AT8 
labelling strongly decreased after glutamate and colchicine treat- 
ments, whereas Tau.l staining was more intense. Neurofilament 
monoclonal antibodies, including RT97, 8D8, SMI31 and 



SMI310, all additionally known to recognize tau in a 
phosphorylation-depemtent manner, also demonstrated that 
glutamatc and colchicine treatments of the cultures induced a 
dephosphorylation of tau. We also showed immunocyto- 
chcmically that there is an increase in tau immunorcuctivity in 
neuronal pcrikarya in response to glutamatc and colchicine 
treatment, and this occurs concomitantly with the dephosphoryl- 
ation of tau. Treatment of the primary rat cortical neuronal 
cultures with & 6 _ 3ft -amyloid peptide, under conditions which 
induce neuronal degeneration, did not induce a change in 
tau phosphorylation, and failed to act synergistically with 
glutamate to produce an increase in dephosphorylation of tau 
over that produced by glutamate treatment alone. These 
findings demonstrate that glutamate and colchicine induce tau 
dephosphorylation, as opposed to increased tau phosphoryl- 
ation, which would be more indicative of Alzheimer-type 
ncurodegeneration. 



INTRODUCTION 

The molecular events underlying neurodegeneration of Alz- 
heimer's disease are not established, but it has been suggested 
that an excitotoxic mechanism mediated by excessive extracellular 
glutamate may be a contributory factor, and more recently the 
neurotoxicity of aggregated /f-amyloid has received much at- 
tention (for review see [1]). In support of an excitotoxic mech- 
anism, Mattson and colleagues have reported that glutamate and 
^-amyloid act synergistically to cause neuronal death in vitro and 
that this cell death is preceded by an increase in perikaryal tau 
immunoreactivity, which is also produced by treatment of 
neurons with colchicine [2,3]; these changes in perikaryal tau 
were suggested to mimic those observed in neurofibrillary tangle- 
bearing neurons in Alzheimer's disease [2]. Since at least many 
degenerating neurons in the Alzheimer's-disease brain exhibit 
a characteristic cytoskeletal pathology, particularly hyper- 
phosphorylated paired helical filament (PHF) tau, we set out to 
investigate whether in cultured neurons neurotoxicity induced by 
glutamate, colchicine and ^-amyloid produced changes in the 
phosphorylation state of tau that may parallel those occurring in 
Alzheimer's disease. 



The microtubule-associated phosphoprotein tau is a major 
constituent of PHF, which constitute neurofibrillary tangles, a 
pathological hallmark of Alzheimer's disease [4,5]. PHF-tau 
differs from tau isolated from normal adult human brain in that 
it is resolved on SDS/PAGE as three to four bands of apparent 
molecular mass 60-68 kDa, instead of the six or more bands of 
apparent molecular masses between 55 and 62 kDa that are 
characteristic of normal adult brain tau [6-10]; PHF-tau can be 
induced to migrate like normal tau by treatment with alkaline 
phosphatase, suggesting that it is excessively phosphorylated 
[9-11]. PHF-tau has also been shown to be hyperphosphorylated 
through the use of a number of monoclonal antibodies that 
recognize specific phosphorylated epitopes and discriminate 
normal adult brain tau from PHF-tau [12,13]. By contrast, tau 
extracted from foetal brain comprises a single isoform that 
corresponds to the shortest adult brain tau species, and a fraction 
of this foetal tau is in an elevated state of phosphorylation, 
resembling the phosphorylation state of PHF-tau [14-16]. 

The majority of investigations of immunocytochemical 
changes in tau in response to excitotoxic levels of glutamate and 
other agents have employed only a limited number of antibodies 
to tau, and have not used the m noclonal antibodies that have 
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more recently been demonstrated to discriminate control adult 
brain tau from the more highly phosphorylated PHF-tau. It has 
only recently been realized that the phosphorylation state f a 
proportion of foetal tau is elevated compared with control adult 
brain tau, and that this fraction of foetal tau already resembles 
PHF-tau, as assessed by application of discriminatory antibodies 
[14-18]. In the present study we have used a panel of such 
monoclonal antibodies and taken account of the known higher 
level of phosphorylation of some of the foetal tau to re-examine 
the effects of toxic levels of glutamate, colchicine and ^-amyloid 
on tau phosphorylation in rat cortical neurons in primary culture. 

We report here that a proportion of tau in cultured rat cortical 
neurons normally has a higher level of phosphorylation than 
control adult brain tau, and is therefore similar to foetal tau 
in vivo and to PHF-tau from Alzheimer's-disease brain, and that 
dephosphorylation of this tau occurs after treatment with toxic 
levels of glutamate or colchicine, but before cell death, as 
assessed by release of lactate dehydrogenase. Concomitant with 
dephosphorylation, perikaryal tau immunorcactivity is increased, 
as assessed by immunocytochcmical analyses of the cultures. 
These changes in tau phosphorylation in response to glutamate 
and colchicine treatment are opposite to what would be expected 
if they triggered the formation of PHF. Furthermore, wc were 
unable to induce any changes in tau phosphorylation by exposing 
cultures to toxic doses of /?-amyloid peptide in either the absence 
or the presence of glutamate, until there was obvious cell death, 
when the loss of tau immunoreactivity was most likely due to 
non-specific effects, e.g. release of lysosomal hydrolases. 

RflAYERIIAILS AND METHODS 
Antibodies 

The preparation of the affinity-purified polyclonal antibody to 
human tau, 8073, and polyclonal antibody to bovine tau, B19, 
that recognize all tau isoforms independently of their 
phosphorylation states, have previously been described [8,19]. 
The mouse monoclonal antibody, Tau.l, that recognizes a 
dephosphorylated epitope in normal tau [20] was generously given 
by Dr. L. I. Binder (University of Alabama, Birmingham, AL, 
U.S.A.). The monoclonal antibody, AT8 [21], that recognizes a 
phosphorylated epitope (Ser-202) on PHF-tau and that cor- 
responds to the Tau.l epitope when unphosphorylated (Ser-199 
and Ser-202) was a gift from Innogenetics Ltd., Zwijndrecht, 
Belgium. Antiserum TP70, raised to a synthetic C-terminal tau 
peptide, has been previously described [12]. The TP007 antiserum 
was raised to a synthetic peptide corresponding to the 16 most 
N-terminal residues of human tau that are present in all tau 
isoforms. RT97, 8D8, SMI31 and SMI310 are monoclonal 
antibodies that recognize phosphorylated neurofilament and 
PHF-tau [12,13,22-24]. 

Primary neuronal culture 

Embryonic-rat (El 7) cortices were dissected into Hanks balanced 
salt solution (HBSS; Gibco, Paisley, Scotland, U.K.), cleaned of 
meninges and chopped. HBSS was removed by aspiration and 
the tissue was incubated in HBSS containing 0.05% (w/v) 
trypsin (Sigma, Poole, Dorset, U.K.) at 37 °C for 15 min. The 
trypsin solution was then removed by aspiration and replaced 
with HBSS containing 8 rnM MgCI 2 , 0.002% (w/v) DNase, 
10 mM Hepes and 5% (v/v) foetal-calf serum. The tissue was 
triturated in 2.5 ml of the same solution with a fire-polished glass 
Pasteur pipette. The cell suspension was diluted to 1 x 10* cells/ml 
in glutamine-free tissue-culture medium that consisted of 
Dulbecco's modified Eagle's medium mixed with Ham's F12 



medium [DMEM:F12, 4: 1 (v/v); Sigma] containing 100/ig/ml 
transferrin, 60 pM putrescine, 5 /eg/ml insulin, 20 nM progester- 
one, 30 nM sodium selenite, 50 units/ml penicillin, 50/tg/ml 
streptomycin and 2% (v/v) heat-inactivated horse serum (all 
from Sigma) and plated into 25 cm 2 flasks (Marathon, London, 
U.K.) at a density of 3.2 x 10 s cells/cm, or into 35 mm x 10 mm 
culture dishes (Marathon) at a density of 1.6 x 10 6 cells/cm that 
had been precoated with poly-L-lysine (10//g/ml) and laminin 
(10 ig/ml) (both Sigma). Half of the tissue-culture medium was 
replaced after 5-7 days with DMEM:F12 (4:1, v/v) containing 
the supplements specified above, except without the addition of 
serum. This low-serum medium was sufficient to prevent n n- 
neuronal cells proliferating. At 24 h before treatments, medium 
was fully replaced with the same serum-free media. Glutamate-, 
colchicine- and /^-amyloid-induced degeneration of neuronal 
cultures was assessed by the reicasc of lactate dehydrogenase 
(LDH) into the culture medium [25] (see below). 



Enpsrimeniel frG&toiQtrts 

After 6, 8 or 10 days in culture, the cells were treated with I mM 
L-glutamate, 1 //M colchicine or 250 nM okadaic acid (Sigma) 
for up to 6 h, or with 100 //M // iV3tl -amyloid peptide (BaChcm, 
Torrance, CA, U.S.A.) for up to 24 h. The /J a5 _ M -amyloid peptide 
was stored at room temperature in aqueous solution before 
addition to culture media; this "aging* induced aggregation of 
the peptide, which is known to increase its neurotoxic properties. 
After treatments, portions of tissue-culture media were ccntri- 
fuged at 15800£ OV and supernatants were stored at -70 °C for 
determination of LDH. Cells from tissue-culture flasks were 
harvested into PBS and pelleted, whereas those in culture dishes 
were used for immunocytochemical analysis (see below). For 
total cell-lysate protein preparations, the cell pellet from each 
flask was resuspended in 0.5 ml of PBS, and a 50 //I portion was 
added to SDS/PAGE sample buffer [62.5 mM Tris/HCI, pH 6.8, 
2% (w/v) SDS, 5% (v/v) 2-mercaptoethanol, 10% (v/v) 
glycerol, 0.001 % (w/v) Bromophenol Blue] for electrophoretic 
analysis (see below), heated for 5 min in a boiling-water bath and 
centrifuged at 15800# av for a further 5 min. The remaining cell 
suspension was centrifuged (15800 g mv , 1 min), and the pellet was 
resuspended in 40-100 //I of Mes/NaCl buffer (100 mM Mes, 
0.5 mM MgCl 2 , 1 mM EGTA, 1 M NaCl, 2 mM dithiothreitol, 
1 mM phenylmethanesulphonyl fluoride pH 6.5) and heated for 
5 min in a boiling- water bath. The preparation was then centri- 
fuged at I5800£ ttv for 25 min. The supernatant containing the 
heat-stable fraction enriched in tau was retained; SDS/PAGE 
sample buffer was added, followed by a further 5 min incubation 
in a boiling-water bath. 

For alkaline phosphatase treatment, cultured neurons were 
harvested into PBS, pelleted and resuspended in 100 of 
Mes/NaCl buffer, heated for 5 min in a boiling-water bath and 
centrifuged at 15800^ av for 25 min. The supernatant, enriched 
in tau, was removed and dialysed against 50 mM Tris, pH 8.3, 
containing 50 mM NaCl 1 mM MgCl 3 , 1 mM ZnCl 2 , 1 mM 
phenylmethanesulphonyl fluoride, I mg/mlpepstatin,0.2 mg/ml 
aprotinin, 0.5 mg/ml leupeptin and 100 mM benzamidine 
(alkaline phosphatase reaction buffer). Alkaline phosphatase 
from calf intestinal mucosa (Boehringer Mannheim, Lewes, 
Sussex, U.K.) was added t portions of dialysed protein to give 
a final concentration of 400 units/ml and incubated vernight at 
37 °C; for c ntrol samples, enzyme was omitted. After incu- 
bation, samples were heated in a boiling-water bath f r 5 min, 
and SDS/PAGE sample buffer was added, f Howed by a further 
5 min incubation peri d in a b iling-water bath. 
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Determination of neurotoxicity 

LDH was assessed in culture media by using a LDH isoenzyme 
assay kit (Sigma) as an indication of neuronal cell damage [25]. 
Samples of media in incubation buffer were mixed with Cellustain 
reagent (10 parts of NAD\ 85 parts of lithium L( + )-lactate, 5 
parts of Nitro Blue Tetrazolium and 0.1 part of phenazine 
methosulphate] and incubated at room temperature in the dark 
for up to 30 min. The A i&0 of the resulting colour was measured. 
The change in /l i60 measured in cultures treated with glutamate 
for 24 h, in which all neurons were dead, was taken as 100% 
LDH release. The means of six measurements from each treat- 
ment group were compared with the control group by Student's 
t test. 



SDS/PAQE and Western blotting 

Samples of loud lysines of cultured cells and heat-siablc prepar- 
ations were separated on SDS/10% (w/v)-polyacrylamidc 
gels in a discontinuous buffer system [26]. Sepuruted proteins were 
then eleclrophorcticully transferred on to nitrocellulose 
(Schleicher and Schuell. 0.45 //m pore size ; Andermun, Kingston- 
on-Thames, Surrey, U.K.), blocked in Tris-buffered saline (TBS; 
25 mM Tris, pH 8.0, 140 mM NaCI, SmM KCI) containing 
0.2% (v/v) Tween 20 and 3% (w/v) dried skimmed milk 
(TBS-T-M) and incubated overnight in primary antibody diluted 
in TBS-T-M at 4 °C as described previously [9]. The filter was 
then washed (3 x 10 min in TBS containing 0.2% Tween 20; 
TBS-T) and incubated for 1 h in biotinylated donkey anti-rabbit 
or biotinylated sheep anti-mouse secondary antibody (Amersham 
International, Amersham, Bucks., U.K.; diluted 1:500 in 
TBS-T-M), followed by further washing in TBS-T and incubation 
for 1 h in streptavidin-alkaline phosphatase (Amersham; diluted 
1 :3000 in TBS-T-M). After final washes in TBS-T, bio s were 
devel ped by using an alkaline phosphatase conjugate substrate 
kit (Bio-Rad, Hemel Hempstead, Herts., U.K.). Before sep- 
aration by SDS/PAGE, the protein content of each sample was 
determined, by using a dot-blot stained with Coomassie Blue and 
so that loading on to the electrophoresis gels could be normalized 
for total protein. 

Immunocfffocftemteal fla&elllng of cultures 

Cultures were fixed for 20 min with 4% (w/v) paraformaldehyde 
in 0.1 M phosphate buffer, pH 7.4, washed in the same phosphate 
buffer and stored at 4 °C in TBS. These tissue-culture samples 
were labelled by the peroxidase-antiperoxidase (PAP) method. 
Cultures were first treated for 30 min with TBS containing 0.2 % 
Triton X-100 (TBS-TX), incubated in blocking solution [TBS- 
TX containing 10% (v/v) normal goat serum], and then treated 
for 16 h at 20 °C with the primary antibody diluted in TBS-TX 
containing 1% normal goat serum. The cultures were then 
incubated with a goat anti-rabbit or goat anti-mouse antibody 
(Nordic, Turnhout, Belgium ; diluted 1 : 30 in TBS-TX containing 
1 % normal goat serum) followed by a rabbit or mouse PAP 
complex (Nordic; diluted 1:300 in TBS-TX containing 1% 
normal goat serum). The peroxidase activity was revealed by 
using diaminobenzidine as chromogen. 

RESULTS 

GlutamEfte-iflduced ^phosphorylation of tau in primary rat 
cortical neuronal cultures 

Initially, the effects of the excitatory amino acid glutamate on the 
phosphorylation state of foetal tau were studied in 10-day-old 
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Figure 1 Time-course effect o? glutamate and colchicine on tau In primary 
neuronal cultures 

Western blots ol total cell-lysate proteins Irom primary 10-day-old rat cortical neuronal cultures 
treated with (a) glutamate (1 mM) and (b) colchicine (1 f M) for 0 min (lane 1). 5 min (lane 
2), 30 min (lane 3), 1 h (lane A), 3 h (lane 5) and 6 h (lane 6). The blots were probed with 
8073 or Tau.1, as indicated. Arrows show the positions of the major tau broad band/doubtet. 
and arrowheads indicate the positions of the two intact less phosphorylated and faster-migrating 
tau species. Numbers to the right of the Figures represent approximate molecular masses (kDa). 



primary rat cortical neuronal cultures. Figure 1 shows Western 
blots of total cell-lysate proteins from cultures treated with 
(Figure la) glutamate (1 mM) and (Figure lb) colchicine (1 pM) 
for up to 6 h and labelled with an affinity-purified polyclonal 
antibody to human tau, 8073, and the monoclonal antibody, 
Tau.1, as indicated. As we described previously for foetal tau in 
vivo, the major tau species run either as a broad band or as a 
closely migrating and poorly resolved doublet of approx. 48 kDa 
(arrows), that is labelled by the polyclonal antibody, but only the 
faster-migrating species of the doublet (or portion of the broad 
band) was labelled by Tau.1 [14]. However, after incubation for 
30 min with glutamate, two lower-molecular-mass bands 
(arrowheads) were recognized by 8073 and Tau.1 (Figure la, 
lanes 3), which became more intense with prolonged glutamate 
incubation (Figure la, lanes 4-6). A similar pattern of tau 
immunoreactivity was observed after colchicine treatment 
(Figure lb), in that the same faster-migrating tau species (arrow- 
heads) became more intensely labelled by 8073 and Tau.1 after 
incubation with colchicine for 30 min (Figure lb, lanes 3), and 
became more intensely labelled with prolonged exposure (Figure 
lb, lanes 4-6). 

Over the course of glutamate treatment, there was a 22% 
increase in LDH release above control levels after 6 h, but at 
shorter times up to 3 h, there was no significant increase in LDH 
release, even though there was already a marked change in tau 
mobility and immunoreactivity. By 12 h of glutamate treatment 
there was a near-maximal release of LDH of 94 % above control 
levels. This pattern of LDH release over time during an excito- 
toxic response is similar to that previously described [27]. We 
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Figure 2 Glutamafe-lnducsd dephosphorvfatlon of tau In primary neuronal cultures 

Western blots of total celMysale proteins from primary 10-day-old rat cortical neuronal cultures treated with giutamate (1 mM) lor 0 min (lane 1) or 6 h (lane 2). and incubated with (a) 8073. 
(b) Tau.l. (e) TP70. (d) TP007, (0) AT8, (I) 608. (g) RT97, (b) SMI31 and (I) SMI310. as Indicated. Arrows Indicate the positions ol the major tau broad band/doublet, and arrowheads indicate 
the positions ol the two main less phosphorylated and faster-migrating intact tau species. A minor higher-moiecular-mass tau species (approx. 57 kDa) seen with TP70. TP007 and 8D8 is probably 
a longer tau isolorm (see the Results section). Asterisk indicates the higher-molecular-mass band thai corresponds to the neurolilament protein NF-H. Numbers to the right ot the Figure represent 
approximate molecular masses (kDa). 



also observed a similar pattern of LDH release after colchicine 
treatment of the primary neuronal cultures (results not shown). 

Figure 2 shows Western blots of total cell-lysate protein from 
10-day-old cultures that were treated with giutamate (1 mM) for 
zero (control) or 6 h, and have been probed with a panel of 
antibodies. TP70 (Figure 2c) and TP0O7 (Figure 2d) (polyclonal 
antibodies that recognize the C- and N-termini of tau respectively) 
both labelled the initial tau broad band/doublet (arrows) and the 
same strongly immunoreactive faster-migrating species (arrow- 
heads) as recognized by 8073 (Figure 2a) and Tau.l (Figure 2b) 
that appear after giutamate treatment of the cultures. On some 
blots, an additional higher-molecular-mass tau species of approx. 
55-57 kDa was recognized by the polyclonal antibodies TP70 
and TF007 and the monoclonal neurofilament antibody 8D8. 
This probably corresponds to a longer tau isoform and can also 
be detected in 3-day-postnatal rat brain [14]. The labelling of the 
faster-migrating tau species (arrowheads) by antibodies to both 
extremities of the tau polypeptide demonstrates that these prin- 
cipal faster-migrating species are not the products of proteolysis, 
but rather are due to dephosphorylation of tau; these species are 
also hardly labelled, if at all, by the phosphate-dependent 
monoclonal antibodies (Figures 2e-2i). Similar dephosphoryl- 
ation in vitro of neuronal tau in cell lysates by alkaline 
phosphatase in the presence of a cocktail of protease inhibitors 
also demonstrated that the faster-migrating species were the 
product of dephosphorylation and not proteolysis (see below 
and Figure 4). The additional and apparently smaller species 
than those indicated by arrowheads that were present after 
giutamate treatment and recognized by Tau.l (Figure 2b) and 
TP007 (Figure 2d), are probably tau degradation products, 
because they were not recognized by the C-terminal antibody 
TP70 (Figure 2c). 

The monoclonal antibodies AT8, 8D8, RT97, SMI31 and 
SMI310 (Figures 2e-2i respectively), all of which recognize 
phosphorylated tau epitopes, and which label only the slower- 
migrating species of the broad band/doublet of tau [14], showed 
a decrease in intensity of labelling of this tau species after 
giutamate treatment of cultures for 6 h and, indeed, the labelling 
by AT8 was abolished. It was with these phosphate-dependent 
monoclonal antibodies that two differently phosphorylated 



species of tau we»e most clearly observed, since in untreated 
cultures they consistently labelled a narrow and the most slow- 
migrating fraction of the broad band/doublet of tau (Figures 
2e-2i). Conversely, Tau. 1 showed an increase in staining intensity 
of the faster-migrating component of the broad band/doublet 
after 6 h of giutamate treatment (Figure 2b). These results 
suggest that a significant proportion of the tau in primary rat 
cortical cultures is normally highly phosphorylated and becomes 
dephosphorylated after giutamate treatment. Although neuronal 
death occurs, since LDH is released, this process is gradual, as 
has been demonstrated by others [27-30], and the dephosphoryl- 
ation of tau commences before this lytic stage (Figure 1), but is 
more evident after 6 h of treatment. 

The monoclonal antibodies 8D8, RT97, SMI31 and SM1310 
(which arc all neurofilament antibodies) all recognized a high- 
molecular-mass band, corresponding to neurofilament protein 
NF-H (Figure 2, asterisk), in both control and treated samples. 
After giutamate stimulation, a second high-molecular-mass band 
was recognized by all of these neurofilament antibodies that may 
correspond to neurofilament protein NF-M or a degradation 
product of NF-H. In addition, these neurofilament monoclonal 
antibodies variably labelled to different intensities several other 
species throughout the molecuiar-mass range that may be degra- 
dation products of neurofilaments. On the other hand, as all of 
these antibodies selectively recognize phosphorylated epitopes, 
giutamate treatment of the cuhui cs. conversely to its effects on 
tau, may induce phosphorylation of some proteins that are then 
cross- reactive with monoclonal antibodies against phosphoryl- 
ated NF-H. Indeed, 8D8 staining of a band in the NF-M region 
is strongly increased by giutamate treatment, and since the 
control sample does not contain a longer species of comparable 
immunoreactivity, it would appear that this molecular-mass 
band is most likely due to an increase in neurofilament 
phosphorylation. 

Colehielne-inducsd dopGiospEiorylatlon of iau In primary ra« 
Gortal neuronal cultures 

Colchicine treatment of both 6- and 10-day-old rat primary 
cortical cultures had a similar effect to giutamate on the 
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Figure 3 Colchlctne-lndueed dephosphorylation ol tau In primary neuronal cullures 
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and N-tcrminal anti-tau polyclonal antibodies, respectively) 
(Figures 3c and 3d respectively), although additional weakly tau- 
positive bands migrating faster than those indicated by arrow- 
heads probably are degradation products. The higher-molecular- 
mass band recognized by the polyclonal antibody TP70 (asterisk) 
is probably due to cross-reactivity with the microtubule-associ- 
ated protein MAP2C, which is also shifted to a faster-migrating 
species after colchicine treatment, tau and MAP2C having a high 
degree of similarity at their C-termini [3 1 ]. The higher-molecular- 
mass tau species also recognized by TP70 (approx. 57 kDa) is 
referred to above. 
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Figure 4 Dephosphorylation in vitro of tau extracted from primary neuronal 
cultures 

Westsrn blots of control heat-stable proteins Irom primary rat cortical cultures (lane 1 ) and heat- 
stable proteins from primary cortical cultures treated with alkaline phosphatase for 16 h at 
37 °C (lane 2), and probed with (a) Tau.1. (ti) TP70. (c) TP007 and (d) AT8. Arrowhead 
indicates the position of the less phosphorylated ar* faster-mining t*u specU. Numbers to 
the right of the Figure represent approximate molecular masses (kDa). 



phosphorylation state of tau, as assessed both by Western-blot 
analysis (Figure 3) and immunocytochemically (results not 
shown). The polyclonal antibody 8073 showed the generation of 
increased amounts of lower-molecular-mass species (arrowheads) 
on Western blots (Figure 3a), after treatment of 6-day cortical 
cultures with I /tM colchicine for 6 h. Tau.1 showed the ap- 
pearance of two faster-migrating tau species (arrowheads) after 
colchicine treatment (Figure 3b). whereas AT8 failed to label tau 
after the same treatment in both 6- and 10-day cultures (Figures 
3e and 3g respectively). After treatment with colchicine, the 
monoclonal anti-neurofilament antibody 8D8 showed a modest 
decrease in intensity of labelling on 6-day cultures and abolition 
of labelling of 10-day cullures (Figures 3f and 3h respectively). 
Again, these changes were not the result of tau proteolytic 
degradation, since the principal faster-migrating bands (arrow- 
heads) were both labelled by the antibodies TP70 and TP007 (C- 



Dephosphorylation in vitro of tau from primary rat cortical 
neuronal cultures 

In order to confirm further that the observed effects of glutamate 
and colchicine on tau immunoreactivity were indeed due to 
dephosphorylation of tau, a heat-stable protein preparation 
from 10-day primary cortical cultures was treated with alkalii.c 
phosphatase in the presence of a cocktail of protease inhibitors 
(see the Materials and methods section). After enzyme treatment, 
a proportion of the tau had an increased elect rophoretic mobility 
(Figures 4a-4c, arrowhead) and showed a total loss of labelling 
with the phosphorylation-dependent antibody AT8 (Figure 4d). 
This dephosphorylation was similar to, although not identical 
with, that seen after glutamate and colchicine treatments of the 
neuronal cultures. Not all of the tau was dephosphorylated by 
alkaline phosphatase treatment in vitro, and we have found it 
difficult to achieve complete dephosphorylation. The N- and C- 
terminal antibodies TP70 and TP007 also labelled this de- 
phosphorylated tau (Figures 4b and 4c), demonstrating that this 
faster-migrating species was the result of dephosphorylation and 
not degradation of tau. Tau.1 also labelled small amounts of 
additional faster-migrating species after alkaline phosphatase 
treatment, which probably were the result of proteolysis (Figure 
4a). 



Immunocytochemisiry off primary rat cortical neuronal cultures 

The effects of glutamate and colchicine treatments on the 
distribution and the phosphorylation status of tau in cultured rat 
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Figure 9 Glulamafe-lndueed dephosphorylailon of tau In primary neuronal cultures in situ 

Immunocytochemical staining of control (a. c and Q) and glutamate-treated (1 mM; f>. d and r) 10-day-old primary rat cortical neurons with polyclonal anti tau antibody B19 (a and b). or monoclonal 
antibodies Tau.1 (c and d) and AT8 (e and f). Glutamate treatment induced an increase in B19 perikaryal immtmoreactivity in a subpopulation of neurons (arrows in b); many neurons showed 
an increase in Tau 1 perikaryal immunoreactivity and a decrease in ATS staining. Scale bar, 50 /im. 



cortical neurons was investigated by immunocytochemical label- 
ling in situ with polyclonal antiserum BI9 and the monoclonal 
antibodies AT8 and Tau.l. 

In 10-day-old control cortical cultures, the polyclonal antibody 
B19 labelled axons and neuronal cell bodies (Figure 5a); the 
Tau.l monoclonal antibody labelled axons with variable in- 
tensity, some long axons being strongly labelled, bui this antibody 
labelled the perikarya only weakly (Figure 5c). AT8 displayed 
labelling very similar to that of BI9, i.e. a labelling of cell bodies 
and axons (Figure 5e). A significant number of neurons also 
showed a labelling of dendrites or the proximal part of dendrites, 
with both BI9 and AT8 (Figures 5a and 5e). Glutamate treatment 
(1 mM for 6 h) of 10-day-old cultured cortical neurons induced 
marked changes in th*» tau immunoreactivity. The polyclonal 
B19 antibody still labelled axons and perikarya, but the tau 
immunoreactivity in perikarya was clearly increased in a sig- 
nificant proportion of neurons (Figure 5b). Tau.l strongly 
labelled many neuronal perikarya (Figure 5d), while still dem- 
onstrating immunoreactivity with axons. Contrary to this, AT8 



immunoreactivity was strongly decreased throughout glutamate- 
treated neurons (Figure 50. 

Immunocytochemical labelling of 6-day-old control cortical 
neurons with the polyclonal antibody BI9 and monoclonal 
antibodies Tau. 1 and AT8 was similar to that described above for 
the 10-day-old control cultures (results not shown). In colchicine- 
treated ( I /#M for 6 h) 6-day-old neuronal cultures, the change in 
immunoreactivity with the polyclonal antibody BI9 and mono- 
clonal antibodies Tau. 1 and AT8 was similar to that seen after 
glutamate treatment, in that B19 and Tau.l both showed an 
increase in labelling of many neuronal perikarya and AT8 
showed a decrease in neuronal immunoreactivity in a significant 
proportion of neurons (results not shown). 

EtfesQ oil obagate aetf on glutanrate-lnrjuGeti fail 
depfrospnxry&aiion 

In order to investigate potential phosphatase involvement in the 
glutamate-induced dephosphorylation of neuronal tau, we 
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Figure 6 Effects of ottadaic acid on glutamale-lntfuced tau de- 
phosphorylaUon 

Western blots of total ceil-lysate proteins Irom untreated 10-day-old rat cortical neuronal cultures 
(a. b and c, lanes 1) or treated with o. v adaic acid (250 nM) for 10 mm (a and b, lanes 2), 
.10 mm (a and b. tanes 3). 1 h (a and b, lanes 4) and 6 h (o and b. lanes 5). or okadaic acid 
(250 nM) and glulamate (1 mM) for 10 min (a, lane 6, and c. lane 2). 30 min (a. lane 7, and 
c, lane 3). 1 h (a. lane 8. and c, lane 4) and 6 h (a. lane 9, and c. lane 5) and probed with 
(a) TP 70, (b) Tau.1 or (c) 608. Numbers to the right of the Figure represent approximate 
molecular masses (kDa). 
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Figure 7 Effects of /^-amyloid peptide on primary neuronal cultures 

Western blots ol heat-stable proteins from 8-dayold control primary rat cortical cultures (lane 
1) and cultures treated with aggregated //^-amyloid peptide (100 //M) lor 24 h (lane 2) and 
probed with (a) 8073, (b) TP70. (c) TP007, (d) AT8 and (e) 808. Arrows Indicate the positions 
of the major tau broad band/doubiet. As in Figure 2, a minor tau posilive species (approx 
57 kDa) indicates the presence ol a longer tau isotorm; the presence of this species is most 
marked with TP70 and 8D8. Numbers to the right ol Ihe Figure represent approximate molecular 
masses (kDa). 



studied the effects of okadaic acid on this process. However, we 
found that 250 nM okadaic acid alone further slightly decreased 
the mobility of tau after I h of treatment, as assessed with the 
polyclonal antibody TP70 (Figure 6a, lane 4), and the intensity 
of staining of tau by monoclonal antibody Tau.l after I h of 
okadaic acid treatment was decreased, indicating increased 
phosphorylation at Ser-199/202 (Figure 6b). Both of these 
changes are consistent with additional overall phosphorylation 
of the tau. 

When cells were treated with both okadaic acid and glulamate, 
then the two effects of each agent occurred together. Thus, the two 
faster-migrating tau species were generated and the slowest- 
migrating tau band was apparently even further decreased in 
mobility (Figure 6a, compare lane I with lanes 6-9). However, 
the staining by monoclonal antibody 8D8 was decreased (Figure 
6c, lane 5). This implies that the effects of okadaic acid treatment 
are complex, in that it inhibits some phosphatase activity to 
cause a further decrease in mobility, but it does not inhibit the 
phosphatase activity responsible for dephosphorylatins the 8D8 
epitope in these cultures. 

/tamyloid failed to induce PHMike phosphorylation of tau in 
primary rat cortical neuronal cultures 

Treatment of 8-day-old primary rat cortical neuronal cultures 
with aggregated /f 2 ^ 35 -amyloid peptide (100//M for 24 h) was 
associated with marked toxicity (maximal LDH release and 
histological results not shown). The polyclonal antibodies 8073, 
TP70 and TP007 all labelled tau extracted from cultures treated 
with />V35* am y |oid peptide less intensely than control tau 
(Figures 7a, 7b and 7c, respectively), which is probably due to 
general protein degradation associated with cell death. These 
antibodies also recognized faster-migrating immunoreactive 
species after treatment of the cultures with y? 2s _ 35 -amyloid peptide 
(Figures 7a, 7b and 7c), some of which are possibly the result of 
dephosphorylation of tau, as they are labelled by all three 
polyclonal antibodies, whereas the smaller species are variably 
recognized and are probably the result of proteolysis. The 
phosphorylation-dependent monoclonal antibodies AT8 and 



8D8 also did not recognize these faster-migrating bands, but 
labelled the initial broad tau band/doublet less intensely after 
Aa$-3s- am y ,oid peptide treatment (Figures 7d and 7e respectively) 
of the cultures. However, this decrease in immunoreactivity with 
the phosphate-dependent antibodies was not obviously greater 
than that observed with the polyclonal antibodies, demonstrating 
that tau degradation rather than dephosphorylation is the 
predominant response to treatment with /^35-amyloid peptide. 

We have tried many different experimental paradigms in order 
to investigate the effect of // 25 _ 3fl -amyloid on tau phosphorylation 
in primary neuronal cultures, and the results shown in Figure 7 
are typical of the data obtained. These include low- and high- 
density hippocampal and cortical cultures which have been 
grown for up to 3 1 days and treated both acutely and chronically 
with various concentrations of peptide, in either the presence or 
the absence of glutamate. Although we have consistently been 
able to induce toxicity, we have never seen any evidence of an 
increase in tau phosphorylation, such as might be indicative of 
PHF-Iike changes in the neuronal cytoskeleton. 

DISCUSSION 

We and others have demonstrated that a proportion of foetal tau 
in rat and human brain is in an elevated state of phosphorylation 
compared with adult brain tau. Thus, it has been shown by 
Western-blot analysis, using antibodies that discriminate between 
phosphorylated and non-phosphorylated epitopes, that foetal 
tau is a mixture of at least two major species, one of which is 
more highly phosphorylated than the other [14-1 7]. Here we have 
shown that tau extracted from primary cultures of rat cortical 
neurons appears to be very similar to that extracted directly from 
foetal brain, and these two phosphorylation states of tau persist 
in the cultured neurons for at least 10 days. 

In the present study we have demonstrated that treatment of 
primary neuronal cultures with glutamate or colchicine results in 
dephosphorylation of the more heavily phosphorylated tau 
species. This dephosphorylation is both progressive and a 
phenomenon that occurs during the process of neuronal de- 
generation, but before significant cell lysis has occurred. One 
laboratory has reported that glutamate treatment of neurones in 
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culture induces an increase in tau phosphorylation [32,33], but 
these studies were over short periods of treatment, and we have 
been unable to confirm these findings, and the reason for this 
discrepancy is as yet unclear. 

Although the faster-migrating tau component of the broad 
band/doublet present initially in the cultured neurons, and 
which is labelled by Tau.l but not the phosphate-dependent 
monoclonal antibodies, is clearly less phosphorylated than the 
slightly slower migrating species, it nevertheless is phosphoryl- 
ated, since treatment of the cultures with glutamate resulted in 
the appearance of additional and faster-migrating species (arrow- 
heads in Figures 1-3). This was confirmed by the treatment in 
vitro with alkaline phosphatase of heat-stable tau extracted from 
the cultures. It is therefore likely that this faster-migrating 
species of foetal tau is phosphorylated at sites other than those 
recognized by the panel of available monoclonal antibodies, all 
of which recognize phosphorylated serine/threonine residues 
followed by proline, i.e. SP or TP motifs. These extra 
phosphorylation sites may reside in the C-terminal half of the 
molecule, since we and others have shown that phosphorylation 
in vitro of the C-terminal half of recombinant tau by cyclic AMP- 
dependent protein kinase or Ca 2> /calmodulin-dependent protein 
kinase, probably at sites other than SP or TP residues, results in 
a significant upward shift in mobility of tau [34-39]. 

The dephosphorylation of foetal tau induced by glutamate or 
c lchicine was incomplete, because not all the tau shifted to the 
fastest-migrating form. Nevertheless, the epitopes recognized by 
the phosphw.e-dependent monoclonal antibodies were in some 
experiments completely dephosphorylated. The mechanism by 
which glutamate and colchicine induce a dephosphorylation of 
tau in primary neuronal cultures has yet to be elucidated, but, 
since both these agents give rise to an increase in perikaryal tau 
immunoreactivity, it is possible that they share a similar mech- 
anism that might involve a decrease in the number of polymerized 
microtubules. Glutamate could act by increasing intracellular 
Ca 2+ levels, thus leading to microtubule destabilization and 
c nsequently the release of tubulin-bound tau [3,32,40]. Direct 
destabilization of microtubules by colchicine, independently of 
Ca a+ influx, might have the same effect. Phosphorylation appears 
to regulate the tau-microtubule interaction [41-44], and so, if 
there is a shift from polymerized to unpolymerized tubulin, then 
dephosphorylation of tau may be a compensatory mechanism to 
promote microtubule assembly after neurotoxic insult. Sygowski 
et al. [45] also demonstrated that colchicine treatment of NIH 
3T3 fibroblasts expressing transfected tau resulted in the u>u 
becoming less phosphorylated, although not all microtubule- 
destabilizing agents produced this effect. 

The regulation of tau phosphorylation is probably complex, 
since experiments with okadaic acid treatment of neuronal 
cultures produced a slight decrease in electrophoretic mobility of 
tau, and this was still observed when the cultures were treated 
with h mixture of glutamate and okadaic acid, although under 
the latter conditions staining by the monoclonal antibody 8D8 
was decreased markedly. This implies that inhibition of protein 
phosphatases PP1 and PP2A by okadaic acid causes an electro- 
phoretic-mobility shift, but that these phosphatases do not act 
on the 8D8 epitope. Indeed, studies in vitro have demonstrated 
that protein phosphatases PP1, PP2A, PP2B and PP2C can all 
dephosphorylate tau, but with differential potencies t wards 
individual sites [46-48]. 

Our immunocytochemical results confirm the findings of 
Matts n and colleagues [3,40] that both glutamate and colchicine 
treatment of neur ns in primary culture results in increased 
perikaryal immun reactivity of tau, but our data als sh w that 
this relocation of tau from axons t neuronal cell bodies is 



accompanied by a decrease in phosphorylation of the protein, 
consistent with the Western blot analysis (Figures 1, 2 and 3). 
These immunocytochemical changes in the presence of colchicine 
and glutamate occurred during the course of neuronal 
degeneration, but were apparently not the consequence of cell 
death. 

This increase in perikaryal tau immunoreactivity in primary 
neurons treated with glutamate, colchicine or glutamate, in 
conjunction with /7-amyloid peptides, has previously been 
suggested to mimic changes observed in neurons containing PHF 
in Alzheimer's disease, and it was proposed that one mechanism 
by which ^-amyloid is neurotoxic is by acting synergistically with 
glutamate [2,49,50]. However, the dephosphorylation of tau 
observed in glutamate- and colchicine-treated primary neurons 
in the present study is opposite to the increase in phosphorylation 
that is associated with the conversion of adult brain tau into 
PHF-tau. We found, however, that ^^-amyloid alone induced 
no obvious change in the phosphorylation state of tau in primary 
neuronal cultures, and we failed to observe any synergistic effect 
of l 2fr _ 3a -amyIoid and glutamate on tau phosphorylation. Using 
the available antibodies, on no occasion did we observe an 
increase in the proportion of tau in an elevated state of 
phosphorylation after /? 2& _ 3& -amyloid treatment of neuronal 
cultures, even when /? 26 _ 3& -amyloid-induced toxicity was clearly 
apparent. 

In conclusion, although the immunocytochemical changes 
seen in primary neurons treated with glutamate and colchicine 
superficially mimic those seen in neurons containing PHF in 
Alzheimer's disease, i.e. an accumulation of tau in neuronal 
perikarya [51], this redistribution is associated with a de- 
phosphorylation rather than increased phosphorylation of tau. 
This dephosphorylation is associated with neuronal degenerati n 
(as assessed by release of LDH), but commences before there is 
any significant cell lysis. The pattern of phosphorylation changes 
is thus opposite to that associated with PHF formation in 
Alzheimer's disease. However, since primary rat cortical neurons 
do contain a significant proportion of tau in an elevated state of 
phosphorylation, they thus represent a valuable cellular model 
for investigating those mechanisms that regulate tau phosphoryl- 
ation during development, and for identifying candidate 
phosphatases or kinases that may, nevertheless, be involved in 
tau phosphorylation in the pathogenesis of Alzheimer's disease. 
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